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Abstract: As the leading cause of acute gastroenteritis worldwide, human noroviruses (HuNoVs)
have caused around 685 million cases of infection and nearly $60 billion in losses every year. Despite
their highly contagious nature, an effective vaccine for HuNoVs has yet to become commercially
available. Therefore, rapid detection and subtyping of noroviruses is crucial for preventing viral
spread. Over the past half century, there has been monumental progress in the development of
techniques for the detection and analysis of noroviruses. However, currently no rapid, portable
assays are available to detect and subtype infectious HuNoVs. The purpose of this review is to survey
and present different analytical techniques for the detection and characterization of noroviruses.
Keywords: human norovirus; detection; review

1. Introduction
Human noroviruses (HuNoVs) are the leading cause of foodborne illnesses in the United States
and lead to around 21 million cases of acute gastroenteritis annually, resulting in more than 70,000
hospitalizations and nearly 800 deaths [1]. The economic impact from foodborne and waterborne
outbreaks of NoV illnesses is estimated to be $5.8 billion annually in the U.S. [2]. Approximately 5%
of people among all ages are infected by HuNoV every year, according to the surveillance data from
Netherlands, UK and USA [3]. HuNoVs are transmitted through the fecal-oral route, aerosolized
vomitus, contaminated water or food, fomites, and direct person-to-person contact [4]. They are very
persistent in the environment, being resistant against freezing/thawing (at least 14 cycles), drying,
low pH (gastric pH 3–4) and common chemical disinfectants [5,6]. HuNoVs have particularly been
shown to be able to survive for long periods of time in various food products, environmental water,
and on contact surfaces [7–10]. The infection course of HuNoVs is all year long, though it is more
often reported during the winter and early spring months, possibly due to the tendency for people to
congregate in enclosed environments and take less exercise [4].
Noroviruses (NoVs) are members of the Norovirus genus within the Caliciviridae family. With
a size of around 27~38 nm and a genome length of around 7.4~7.7 kb, NoVs are non-enveloped
viruses with a single-strand, positive-sense RNA genome inside a protein capsid shell. Among the six
genogroups of NoV, genogroup I and II (designated GI and GII) are of the greatest interest as they are
the most common genogroups that infect humans. To date, there are at least nine genotypes of HuNoVs
in GI and 22 in GII, which constitutes over 150 strains [11,12]. HuNoVs have a wide degree of antigenic
and genetic variation. Based on the differences of the amino acid sequences for the major capsid
protein of noroviruses, the variations between genogroups, genotypes, and strains are 44.9–61.4%,
14.3–43.8% and 0–14.1%, respectively [13]. Among all the different forms of HuNoVs, GII.4 is the most
prevalent genotype across the world, which accounts for around 80% of all norovirus outbreaks since
2002 [14]. GII.4 NoVs comprise the majority of norovirus illnesses, and undergo substantial antigenic
variation via recombination and mutation, resulting in a new pandemic GII.4 strain circulating every
2–4 years [15].
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The large antigenic variations of HuNoV among genotypes and genogroups are one of the primary
reasons why NoV vaccines have still yet to be developed. Other factors that have complicated the
design of a vaccine include the lack of appropriate modeling, an unknown duration of protection
by the vaccines, few human challenge studies, and complex patterns of vaccine performance due to
unknown pre-exposure history [15]. Since no vaccine is available, the only effective way to mitigate
HuNoV outbreaks is through prevention, early detection, and control. Due to the highly contagious
nature of HuNoVs, once an outbreak starts, it is very important to identify the virus and its source
immediately in order to control the damage [1]. However, significant technical challenges exist for the
development of rapid assays with high sensitivity and specificity, especially for infectious HuNoVs.
The current gold-standard reverse transcription-polymerase chain reaction (RT-PCR) method lacks
portability, takes ≥ 40 min, is sensitive to complex matrices, and is unable to differentiate infectious
from non-infectious HuNoV. Hence, the development of a rapid or near real-time detection method
for HuNoVs has become even more necessary. Although challenges still exist, much progress has
been made in the area of detection and biochemical analysis of noroviruses since their discovery
nearly half a century ago. This review will survey past and present norovirus detection and analytical
techniques. In general, detection techniques for NoVs can be grouped into ligand-based, nucleic
acid-based, biosensor-based, microarray-based, omics-based and others. Comparisons among different
types of methods for HuNoV detection have been summarized in Table 1.
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Table 1. Comparison of different types of methods for human norovirus (HuNoV) detection.
Method

Cost

Time

Sensitivity

Specificity

Detection Limit

Advantages

Disadvantages

Electron microscopy
(EM)

High

15 min 1

Low

Low

106 viral
particles/mL stool

Fast; capable of visually
observation of viral
morphology

Low sensitivity and specificity;
laborious and expensive
operation (including the
requirement of trained personnel)

Enzyme-linked
immunosorbent assay
(ELISA)

Medium

60~90 min 1

31.6%~92.0%

65.3%~100.0%

104 ~106 viral
particles/mL stool

Cheap reagent; long shelf-life;
widely available

Measurement of enzyme activity
may be complex and the enzyme
activity may be affected by
plasma constituents

Immunochromatography
(ICG)

Medium

15 min

17.0%~83.0%

87.5%~100.0%

NA

Fast; long shelf life (12~24
months); ease of use;
relatively low cost and
relative ease in manufacturing

Varied performance

Real time RT-qPCR

High

40 min~3 h (with
pre-extracted
nucleic acid)

High

High

Around 10~100
gc/g sample

High sensitivity and
specificity

Reagent-intensive; requirement of
specific equipment

Biosensor

High

Short (Varied)

High

High

Varied

Potentials for point-of-care
diagnostics

Sample preparation; matrix
effects and system integration

1

According to Vinjé [11].
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2. Ligand-Based Detection Techniques
2.1. Ligands
Ligands that can bind with HuNoVs are key components in many assays for HuNoV detection.
One of the more pressing challenges presently is the lack of a ligand that is broadly reactive enough
to bind with all HuNoV genotypes. However, some ligands, including histo-blood group antigens
(HBGAs), porcine gastric mucins (PGM) (containing HBGAs), aptamers and monoclonal antibodies
(mAbs), have been widely used for the detection of HuNoVs. Each of these ligands can bind to some
specific genotypes or strains of HuNoVs but not all, and each has their own limitations. The comparison
of these four ligands is shown in Table 2.
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Table 2. Comparison of bio-recognition elements for HuNoV detection.
Bioreceptor

Availability

Monoclonal
antibody

Some are
commercially
available; some
are currently
available in
research
laboratories

Aptamer

Available in
some research
laboratories; can
be synthesized
commercially
upon request

Porcine gastric
mucin (PGM)

Easily available
commercially

Histo-blood
group antigens
(HBGAs)

Difficult to
obtain since
only one
company
produces
HBGAs, and it0 s
possibly
backordered

1

Cost 1

Component

Varied

large (~150 kDa)
multimeric
proteins

Specificity

High

Sensitivity

Advantages

Disadvantages

Reference

Medium

High specificity and
selectivity

Produced from animal systems, more
expensive; the binding conditions
cannot be modulated; heat sensitive
and binding irreversible; limited
shelf-life

[16,17]

Rapid degradation of aptamers by
nucleases in biological media or in
blood; time- and labor-consuming;
may also bind to molecules with a
similar structure; require purified
target molecules for generation

[18,19]

$6–16/nmol 2

DNA
oligonucleotide,
single strand

High

Medium

Chemical synthesis; the
binding conditions can be
modulated; heat stable and
recoverable; less expensive;
long shelf-life

$3.84/g 3

Type A, H type
1 and Lewis b
HBGA, other
carbohydrates
as well as
protein (20%)

Low

High

Low cost, easily available,
and broad reactivity

Low specificity, since it can also bind
to other microbes; PGM also contains
another broadly recognized
receptor-sialic acid

[20–22]

ABH, secretor
and Lewis
antigens

Low

High

Commercially available;
bind to all NoVs except for
a few genotypes

Low specificity, since they can also
bind to other viruses and bacteria,
including Rotavirus and rabbit
hemorrhagic disease virus

[20]

~ $260/mg

4

Prices are in USD. 2 Price based on IDT listing for RNA synthesis. Available online: https://www.idtdna.com/pages/products/custom-dna-rna/dna-oligos/ultramer-dna-oligos (Accessed on
6 March 2020). 3 Price based on SigmaAldrich.com listing. Available online: https://www.sigmaaldrich.com/catalog/product/sigma/m1778?lang=en&region=US (Accessed on 10 Feburary
2020). 4 Price is based on H type 1 synthetic HBGA (Led (H type 1)-PAA-biotin) on Glycotech Corp. (Gaithersburg, MD). Available online: http://www.glycotech.com/probes/multivalbio.html
(Accessed on 10 Feburary 2020). For other HBGAs, the price may be different.
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2.1.1. Histo-Blood Group Antigens
Histo-blood group antigens (HBGAs) are suggested to be receptors or co-receptors for HuNoV
infection. HBGAs which include ABO, secretor and Lewis antigens are highly polymorphic [23].
They are widely present in red blood cells, mucosal epithelial cells and free antigens in body fluids,
such as blood, saliva, milk and the intestinal contents [24,25]. Type A-like HBGA is also found in
oyster gastrointestinal cells and responsible for the binding with recombinant norovirus-like particles
(NoV VLPs) [26]. One inherent advantage of utilizing HBGAs in detection is that less noninfectious
viral particles will be detected. HBGAs are commonly used as a reagent in removing signal from
noninfectious viral particles under the assumption that if a viral particle is unable to bind its cellular
receptor/co-receptor, it is not likely to infect a host cell.
Binding between HuNoVs and HBGAs is strain-specific [27]. At least eight binding patterns
have been reported, which can be divided into two major binding groups based on shared HBGA
targets. These include the A/B binding group (which mainly recognizes the A/B/H epitopes) and
the Lewis binding group (which only recognizes the Lewis epitopes) [28,29]. HBGA-binding
interfaces include a central binding pocket (CBP) and a variable surrounding region. The CBP
is highly conserved and it interacts with a common major binding saccharide of HBGAs, while the
surrounding region is very flexible, which allows for the binding of HuNoVs to diverse saccharides of
HBGAs [23]. The binding between HBGAs and HuNoVs involves multiple epitopes, and is essentially
a protein–carbohydrate interaction, with the amino acids in the protruding domain of the viral capsid
interacting with oligosaccharides on HBGAs [30]. However, the mechanism is very complex, since
several factors contribute to the binding interactions, including capsid loop movements, HBGA
alternative conformations, and rotations. In particular, the capsid loop can be repositioned to allow for
HBGA binding, which involves hydrogen bonds and water-mediated bonds [31].
HBGAs as receptors for HuNoVs can also be further described by the fact that HBGA-expressing
bacteria can aid in the cultivation of HuNoVs in a B cell line [32]. In addition, different NoV strains
have variable binding abilities to HBGA-expressing bacteria [32–34]. Even though almost all HuNoVs
bind to HBGAs, some strains of GI VLPs, GII.1 VLPs and GII.14 VLP do not bind to any type of HBGAs
nor any saliva [28,35]. For these strains, it is suggested that some other receptors may be involved
in the binding process [36]. In addition, HBGAs have the shortcoming of low specificity as HuNoV
receptors, since many other viruses (including rotavirus and rabbit haemorrhagic disease virus) and
bacteria (e.g., Escherichia coli) also recognize HBGA as receptors for attachment [20]. As an example,
spike protein VP8* from major human rotavirus genotypes (P [4], P [6] and P [8]) has been reported to
bind with H type 1 HBGA [37].
Since HBGAs are terminal carbohydrate structures present on the sugar chains of oligosaccharides,
glycans (containing HBGA), glycoconjugates (including glycolipids and glycoproteins) and saliva,
have also been incorporated in the study of HBGAs with NoVs [38]. It has been reported that NoV
VLPs bind to glycosphingolipids (GSL) in a strain-specific manner where Norwalk virus (NV) VLPs
bind to A, H, and difucosylated Lewis, but not B histo-blood group active GSL [39,40]. Similarly,
human milk glycans (human milk oligosaccharide (HMOS)) and HMOS-based neoglycoconjugates
(including neoglycoproteins and oligosaccharide-glycine derivatives) can bind with NoV VLPs (VA387
and Norwalk) in a strain-specific manner and inhibit VLPs binding to their host receptors [41]. A study
conducted by Rydell et al. [42] showed that aside from secretor-gene dependent α1,2-fucosylated
carbohydrates, some HuNoV GII strains can also recognize sialyl Lewis x neoglycoproteins as
binding receptors.
2.1.2. Porcine Gastric Mucin
Porcine gastric mucin (PGM) has been widely used as a model for human gastric mucin in studies,
since it shows similarities in terms of anatomy, physiology and sequence [43,44]. Both human and
porcine gastric mucin have been reported to have a “necklace”-like structure under atomic force
microscopy (AFM) [45]. PGM is composed of protein (20%) and carbohydrates (such as hexosamine
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(37%), hexoses (27%), fucose (10%) and sialic acid (6%)) [21]. The presence of HBGA (type A, H type 1
and Lewis b) in PGM (type III, Sigma-Aldrich) has been determined by enzyme-linked immunosorbent
assay (ELISA) with the incorporation of anti-HBGA antibodies [46]. Due to the fact that PGM can be
more readily obtained and can be less costly than purified HBGAs, numerous reports exist utilizing
PGM for capture of noroviruses. Like HBGAs, PGM has the potential added benefit of selecting less
nonviable viral particles. Specifically, this ability is premised upon the assumption that if a viral particle
is not capable of binding a putative co-factor/receptor necessary for infection, then it will not be able to
infect a cell. Further, PGM has the added benefit of containing multiple HBGA types and sialic acid,
making it capable of binding and capturing a broader range of noroviruses. This is because specific
HBGA binding profiles differ among different norovirus genotypes and strains [31,47]. The binding of
NoV VLPs with HBGA on epithelial cells of porcine gastrointestinal tissue has been observed by using
fluorescent labelled anti-HBGA antibodies and secondary antibodies through confocal microscopy [48].
PGM binds to NoV VLPs, as well as inhibits the binding of NoV VLPs to HBGAs and Caco-2
cells [49]. Specifically, NoV VLPs could be efficiently captured by PGM coated on plates. However,
the binding of NoV VLPs to PGM can be inhibited by HBGA in saliva, Lewis b and Lewis d synthetic
oligosaccharides. In a study conducted by Tian et al. [50], all GI (8 strains) and 85% of GII (11
strains) recombinant NoVs tested were successfully captured and concentrated via PGM conjugated
magnetic beads (PGM-MB). However, as not all NoVs bind to HBGAs, not all can be captured by
PGM as well. For example, some NoV VLPs of GII.4 strains (Sakai, Hunter and Bristol) could not
be concentrated by the PGM-MB assay [50]. Although PGM is broadly available and reactive among
HuNoV genotypes [26], it has low specificity since it can also bind to other viruses and bacteria [22].
2.1.3. Antibody
Antibodies are often recognized as the most popular bio-recognition elements due to their
sensitivity and specificity [51]. Antibodies (including polyclonal, monoclonal and recombinant
antibodies) as well as their fragments (antigen-binding fragment and variable domain) are often used
in immunological diagnostics and biomarker detection [52]. Polyclonal antibodies (pAbs) of NoVs
were found to be highly specific for the immunized genotypes, which hindered the development of
immunological diagnosis. Thus, interest was turned towards the development of mAbs, which are
also more stable than pAbs in terms of their application in rapid immunological assays [53]. Although
numerous commercially available antibodies exist (12 available from Abcam against GI and GII; with
others available from ThermoFisher #MA1-7405, and Sigma-Aldrich #MABF2097, among others), they
will not be discussed for the purposes of this review.
Monoclonal antibodies against HuNoV can be produced from BALB/c mice (hybridoma cell
line) with HuNoV VLPs [54]. Broadly reactive mAbs are often preferred for HuNoV detection from
clinical samples. Previously reported broadly reactive mAbs can be classified into several groups
based on their epitope properties [54]. The first group of mAbs are cross-reactive, since they recognize
the inter-genogroup cross-reactive linear epitopes on the shell or protruding domain. The second
group of mAbs are genogroup-specific, capable of recognizing the intra-genogroup cross-reactive
conformational epitopes, and the third group are strain-specific [54].
mAb NV23, which recognizes an epitope on the VP1 protruding domain (residues 453~472) of
GI, GII, and GIV NoVs, was shown to be cross-reactive by both surface plasmon resonance (SPR) and
ELISA methods [55]. Specifically, it was able to detect HuNoV VLPs from 16 genotypes by sandwich
ELISA, and detect HuNoV from stool specimens with a Ct value <31, as shown by Kou et al. [16]
Studies incorporating two different antibodies have shown to be able to detect more HuNoV genotypes.
In particular, another study conducted by Kou et al. [56] combining mAb NV23 and single-chain
variable fragments (scFv) (HJT-R3-A9 antibody) for NoV capture and detection by a sandwich ELISA
assay showed that all 25 NoV genotypes from stool samples could be identified with a Ct value of
<31 and a limit of detection (LOD) of 1 ~ 10 ng/well for 8 GI and 13 GII genotypes, except 50 ng/well
for GII.7 strains. In addition, Hurwitz et al. [57] identified two scFvs (NJT-R3-A2 and NJT-R3-A3)
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that could detect NoV from infected clinical stool samples [57]. The LOD of NJT-R3-A2 scFv for the
detection of GI.1 and GI.7 VLPs were 0.1 and 0.2 ng, respectively. Zheng et al. [58] also identified two
mAbs (8D8 and 10B11) that could bind to all eight major VP1 capsid proteins of NoV with varied
binding affinities. However, mAb 8D8 did not bind with intact VLPs in solution.
Nanobodies, known as the smallest fragments of antibodies with a single-domain [59], have
raised researchers’ interest and have been used for NoV detection. The advantages of nanobodies
over antibodies include the fact that nanobodies are more stable than conventional antibodies, and the
former can be produced in large quantities with the atomic resolution structure of binding pockets
easier determined than the latter [60]. The nanobody can bind to the top, bottom and side of NoV
protruding domain [61]. In a study conducted by Koromyslova and Hansman [62], a nanobody
(nano-85) was broadly reactive, as it could bind to GII. 4, GII. 10, and GII. 12 NoV, as well as being
able to detect NoV from stool samples via ELISA. Another study conducted by Doerflinger et al. [60],
showed that nano-85 was able to bind to four GII NoV VLPs (including GII.4, GII.10, GII.12 and GII. 17),
and the nanobody-based lateral flow immunoassay was able to detect GII.4 outbreak specimens, with
a sensitivity of 80% and specificity of 86% in ~5 min. Interestingly, NoV VLPs appeared to fall apart if
incubated with nanobodies, since nanobodies bind so close to the icosahedral contacts of the virus.
Specifically, nanobodies can cause NoV capsid morphological changes, resulting in the degradation of
capsid protein and exposure of viral RNA [61].
Synbodies which are synthetic bivalent ligands with two 15- to 20-mer peptides have similar
affinities and specificities to antibodies [63]. A series of synbodies has been developed by using NoV
GII.4 VLPs with dissociation constants (Kd) < 10 nM [64]. The synbodies were reported to be broadly
cross-reactive with NoV VLPs from multiple GI and GII genotypes, but they are not reactive to all.
By using a synbody (ASU1052)-based magnetic bead capture assay, NoV could be concentrated from
dilute stool solutions [63]. The utilization of a synbody (ASU1052)-based magnetic bead capture assay
could result in 1000-fold increase in the sensitivity of a low-cost eye-readable assay for the detection of
NoV (GII.4 Sydney), from clinical stool samples with a LOD of 270 zM in 3 h [63].
Though antibodies have been widely used in the detection of HuNoVs in a number of formats,
including immunoassays and biosensor-based assays, currently developed antibodies are only partially
broadly reactive towards HuNoVs. Specifically, 29 genotypes of HuNoVs exhibit 142 dissimilar
antigenic behaviors. In addition, certain strains of HuNoVs undergo antigenic drift over time [11].
2.1.4. Aptamers
Aptamers are small single stranded DNA or RNA oligonucleotides (usually 20 ~ 60 nucleotides)
that can fold into well-defined three-dimensional (3D) structures and bind to target molecules with
high affinity and selectivity [19,65]. Through the systematic evolution of ligands by exponential
enrichment (SELEX) process, the derived aptamers are selected against various targets, including
cells, microorganisms, proteins, and chemical compounds [66]. Compared with the aforementioned
ligands (HBGA, PGM and mAbs), much less research has been conducted on utilizing aptamers
for HuNoV detection. AG3, an aptamer selected for murine norovirus (MNV) through SELEX by
Giamberardino et al. [67], can bind with HuNoV GII.3 capsids. An electrochemical biosensor made of
gold nanoparticles-modified screen-printed carbon electrode coupled with the thiolated aptamer AG3
could achieve a LOD of around 180 virus particles of MNV, though the selectivity was not very high
and non-specific binding occurred [67]. Similarly, a study conducted by Kitajima et al. [68] utilized
an AG3 aptamer to develop a miniaturized and potentially portable electrochemical biosensor for
detection of MNV. More recently, by using the AG3 aptamer, Weerathunge et al. [69] developed a
rapid (10 min) and ultrasensitive colorimetric NanoZyme aptasensor for the detection of MNV with
an experimental LOD of 200 viruses/mL and calculated LOD of 30 viruses/mL. Specifically, gold
nanoparticles (AuNPs) that have enzyme-mimic catalytic activity (i.e., NanoZyme activity) were
immobilized with the AG3 aptamer (Kd of 18.5 nM) for MNV detection. The NanoZyme activity of
AuNPs, capable of converting 3,30 ,5,50 -tetramethylbenzidine substrates to a blue colored product, was

Foods 2020, 9, 318

9 of 37

lost upon binding with aptamers, but the activity resumed upon binding with the target (MNV). The Kd
of AG3 aptamer to MNV is ~10−12 M, therefore, upon the presence of MNV, aptamer would detach from
AuNPs and bind with MNV. An advantage of this method is that the AuNPs-functionalized aptasensor
is stable in solution, thus may be suitable for storage or transportation and point-of-care devices.
Similar to mAbs, currently identified aptamers do not target all genotypes of HuNoV [18]. In a
study by Escudero-Abarca et al. [18], aptamers selected for GII.2 HuNoV could bind to 13 of the 14
VLPs tested, especially to GII.2 and GII.4 VLP. By using aptamer 25, aptamer magnetic capture coupled
with reverse transcription quantitative polymerase chain reaction (RT-qPCR) method could detect
GII.4 from artificially contaminated lettuce with a LOD of 10 genomic copies (gc) per 3 g lettuce and
a capture efficiency of 2.5%~36%. For partially purified stool specimens collected from outbreaks,
enzyme-linked aptamer sorbent assay (ELASA) assays using aptamer 25 were able to detect GI.1,
GII.1, GII.2, GII.3, and GII.4 HuNoV, but not strains of GI.6 or GII.7. In the exclusivity study, aptamer
25 has been shown to have a significantly higher binding affinity to GII.2 VLPs than to hepatitis A
virus (HAV) or poliovirus via ELASA test [18]. Using the 6-carboxyfluorescein labeled aptamer with
the same DNA library as that described by Escudero-Abarca et al. [18], Weng and Neethirajan [70]
developed a paper-based microfluidic device using graphene oxide as the fluorescence quencher for
determination of GII NoV VLPs with a LOD of 3.3 ng center dot/mL.
Aptamers selected against the capsid protruding (P) domain of a HuNoV GII.4 strain have been
developed in a more recent study by Moore et al. [71]. Among all the aptamers, aptamer M6-2 had the
broadest reactivity, with low to moderate binding affinity to all of the 14 VLPs tested and could be
used to detect GII.4 NoV from partially purified stool samples, by using ELASA and aptamer magnetic
capture together with RT-qPCR. Though similar broad reactivity and signal/noise ratio were achieved
when compared to the study by Escudero-Abarca et al. [18], the aptamer M6-2 displayed a capture
efficiency of 4.88–6.79 log10 gc of virus input, which was lower than the capture efficiency of aptamer
25, due to the lower number of counter-SELEX rounds performed in generating M6-2 [71]. In addition,
aptamers targeting NoV P domain had also been selected by Schilling et al. [72], with a Kd of 17.42 nM.
However, the aptamers did not bind with the P-domain in the presence of food matrix (such as frozen
strawberries, lettuce, whole oyster, and oyster digestive diverticula). Matrix-related inhibition and
non-specific binding remain challenges for the utilization of aptamers in complex matrices.
2.2. Immune Electron Microscopy (IEM)
In 1968, the outbreak of a winter vomiting disease that occurred in an elementary school in
Norwalk, Ohio brought an unknown virus into the light of researchers [73]. The prototype norovirus,
also referred to as the Norwalk virus, was discovered in 1972 via the immune electron microscopy
method [74]. Despite the fact that electron microscopy (EM) could visualize the shape and size
of viruses, the morphology of HuNoV was very difficult to differentiate from other small round
structured viruses (e.g., sapovirus) through the use of this method (which has a LOD of around 106
viral particles per ml of stool) [75]. Therefore, an IEM method, which was based on electron microscopy
but incorporated the use of antibodies to precipitate the virus from clarified stool filtrates, was applied
to aid in the identification of non-cultivatable HuNoVs. Though EM and IEM were able to detect
viral particles in a short time period (15 min), several disadvantages limited their application in the
diagnostics of HuNoV; including high cost, low sensitivity and specificity, laborious operation and
requirement of trained personnel. Due to these limitations, electron microscopy-based methods are
largely only performed for analytical purposes and not detection.
2.3. Immunoassays
Immunoassays could be applied to detect the presence or concentration of protein analytes
(antibody or antigen), based on the incorporation of specific ligands (antigen or antibody). They can be
categorized into several types, based on the labelling methods used to detect or quantify the analytes.
In the case of HuNoV detection, radio-immunoassays (RIA) with the label of radioisotopes, enzyme
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immunoassays (EIA) with enzyme labelling, immune adherence hemagglutination assay (IAHA), and
immuno-chromatography (ICG) tests will be discussed in detail. In general, immunoassays have the
advantage of portability, ease of operation, and rapid results; however, these assays generally tend to
lack analytical sensitivity, specificity, and are limited in their ability to subtype.
2.3.1. Immune Adherence Hemagglutination Assay (IAHA)
After the successful application of IAHA tests to the measurement of some animal viruses (herpes
simplex virus, simian virus 40, adeno- and enteroviruses) and their antibodies in 1966 [76], this method
has been investigated and applied in the detection of other viruses as well as antibody responses to
them. For example, an IAHA test conducted by Kapikian et al. [77] was applied for the detection of
antibody against Norwalk virus from acute epidemic nonbacterial gastroenteritis, by using purified
viruses from stool as an antigen. Around the late 1970s, IAHA tests began to replace EM and IEM for
the detection of NoVs in clinical samples [78]. IAHA used the agglutination of human erythrocytes
with the antigen-antibody complex to study HuNoV sero-prevalence. Though this method is rapid,
simple, and inexpensive, its inability to differentiate immunoglobulin subclasses as well as the problem
of the virus agglutinating red blood cells inhibits its application. In addition, the method is not suitable
for direct NoV detection in fecal samples [79,80].
2.3.2. Radio-Immunoassays (RIA)
Ultimately, IAHA was replaced by RIA, which used radio-labelled immunoglobulin G (IgG) to
detect NoV antigen or antibody. RIA is often conducted in a microtiter format and could be used
to detect viral antigens (or antibodies) by involving a competitive binding between unlabeled and
radioisotope (125 I), labeled corresponding antibodies (or antigens). In 1978, a study by Greenberg et
al. [81] using a microtiter solid-phase RIA successfully detected Norwalk virus (from stool samples)
and its antibody with a much higher sensitivity than IAHA assay. When utilized for the detection
of NoV antigen in stool samples, the IgG which was purified from a convalescent serum of a NoV
infected patient was used as an antibody and radiolabeled. The radiolabeled IgG was then added to
competitively bind with NoV antigen against unlabeled IgG. A reduction of 50% or more radioactivity
defines the presence of the viral antigen.
The blocking RIA assay for NoV antibody detection was 10 to 200 folds more sensitive than IAHA
and required much less antigen [82]. There have been a number of studies however, where the RIA
assay was not able to detect any NoV strains [83]. Since both IAHA and RIA methods require reagents
from human volunteers, their applications for the detection of HuNoV are considered to be limited [82].
2.3.3. Enzyme Immunoassays (EIA)
Enzyme immunoassays (EIA) incorporate specific viral antibodies (or antigens) for the detection
of viral antigens (or antibodies). EIA is similar to RIA, but utilizes enzymes rather than radioisotopes
for detection. Aside from not having the potential of being exposed to radioisotopes, EIA has several
advantages when compared to RIA, which includes the increased stability of reagents used, decreased
assay time, and simpler equipment operation. Specifically, the radioisotope labelled antibody only
has several days to weeks of shelf-life, while the antibody labelled by the enzyme or biotin has a
shelf-life of several months. In addition, the assay time can be reduced by several days when compared
to RIA [82]. The use of colorimetric and bioluminescent EIA methods for HuNoV detection will be
discussed here in detail.
In the 1990s, the cloning of NoV capsid protein enabled the production of NoV VLPs. These were
produced from baculovirus recombinants that contained NoV VP1. In particular, NoV VLPs were
shown to be antigenically and morphologically similar to native NoVs, and thus have been widely
used for the structural studies of NoV [84]. The use of VLPs has also allowed the detection of viral
antibodies [85].
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Cloned NoV capsid protein can also be used to induce antibodies against NoVs, which can then be
applied in enzyme-linked immunosorbent assay (ELISA) for detection. A number of commercial ELISA
kits are available for NoV detection (both GI and GII). The two most commonly used kits are IDEIA
Norovirus (Oxoid Ltd., Hampshire, United Kingdom; two generations available) and RIDASCREEN
Norovirus (R-Biopharm, Darmstadt, Germany; three generations available). There are wide ranges
of reported sensitivity and specificity for these kits. The sensitivities for IDEIA and RIDASCREEN
Norovirus range from 38.0% to 78.9% and 31.6% to 92.0%, respectively, while their specificities range
from 85.0% to 100.0% and 65.3% to 100.0%, respectively [86]. Several factors contribute to the different
performance of commercial EIA kits in terms of detection of norovirus outbreaks. These include the
viral titer and viral genotypes present in clinical samples (since the antibodies in EIA kits have varied
affinities to different NoV genotypes), specimen collection (the time collected after symptoms onset),
infection extent (outbreak or sporadic), and patient demographics (pediatric or adults) [86].
Compared to the 2nd generation IDEIA ELISA test, the 3rd generation RIDASCREEN ELISA has
much higher sensitivity for the detection of NoVs. According to a comparison study of these two kits
by Kirby et al. [87], the sensitivity of the 3rd generation RIDASCREEN was 63% and the specificity
was more than 98%, while the sensitivity of IDEIA was only 45%. Due to its combination of several
cross-reactive monoclonal and polyclonal antibodies, RIDASCREEN has the capability to detect some
HuNoV genotypes. Despite these advantages, RIDASCREEN tests generally have low sensitivity.
In particular, samples from sporadic NoV cases with GI and mixed infections (GI/GII) were unlikely
to be detected by the kit [88]. With a LOD of 104 –106 viral particles/mL of stool by ELISA, it is not
likely to be sensitive enough for detection of NoVs in food or environmental samples [78]. Moreover,
since HuNoVs exhibit at least 142 dissimilar antigenic behaviors, the development of an EIA that is
cross-reactive to all HuNoV genotypes is difficult [11].
Considered to be more than just a routine ELISA test, a bioluminescent enzyme immunoassay
(BLEIA) conducted by Sakamaki et al. [89], was reported to be able to detect HuNoV VLPs, including 6
GI and 8 GII. This assay had a good reproducibility, with a turnaround time of 46 min and a throughput
of 120 tests/h. A similar BLEIA method by Shigemoto et al. [90] could detect 3 NoV GI genotypes and 10
GII genotypes from fecal samples with a LOD of 106 gc per gram of stool and below and a sensitivity of
96.3%. Similar results were observed in the study by Suzuki et al. [91], with higher sensitivity (93.1%),
specificity (100%) and detection rate (95.7%) of BLEIA method compared to the reverse transcription
loop-mediated isothermal amplification (RT-LAMP) method, for the detection of HuNoVs from fecal
samples. It was found in these studies that BLEIA assays did not show cross-reactivity towards bacteria
or other enteric viruses and the sensitivity was around 105 –106 copies/g stool samples, which is roughly
comparable to that observed for ELISA.
2.3.4. Immuno-Chromatography (ICG)
Aside from the use of commercial ELISA tests, a number of commercial ICG lateral flow assay
(LFA) kits are also available for NoV detection (both GI and GII). ICG kits have a number of advantages,
including a short timeline (result achieved within 15~30 min), long shelf life (12~24 months), ease of use,
relatively low cost (not requiring specific laboratory equipment), and relative ease in manufacturing.
Such kits include Ridaquick Norovirus (R-Biopharm, Darmstadt, Germany), SD Bioline Norovirus
(Standard Diagnostics, Inc., Kyonggi-do, South Korea), ImmunoCardSTAT!® Norovirus (Meridian
Bioscience Europe, Nice, France), and NOROTOP® (ALL.DIAG SA, Strasbourg, France). A study
comparing these four kits concluded that the clinical sensitivity for the detection of GII.4 stool samples
is 78%, 59%, 61%, and 67%, respectively [92]. The ICG kits, including two commonly used kits
(Ridaquick and SD Bioline Norovirus), are shown to have a wide variability of performance, due to
similar reasons as those described for ELISA kits, and are related to challenges with the antibodies used.
Specifically, the sensitivities for Ridaquick and SD Bioline Norovirus range from 17.0% to 83.0% and
23.0% to 92.0%, respectively, while the specificities for Ridaquick and SD Bioline Norovirus range from
87.5% to 100.0% and 99.7% to 100.0%, respectively [86]. Due to the wide variation of the sensitivity
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and specificity, more sensitive molecular detection methods are recommended for samples that have
negative results from the ELISA or ICG kits [86].
The detection of the Ridaquick Norovirus ICG kit is based on incorporating gold-labeled anti-NoV
antibodies and biotinylated anti-NoV antibodies. A streptavidin test line could capture the sandwich
complex, while the unbound complex would migrate to the control line. The high LOD of traditional
LFA by using blue latex or AuNPs could be improved by pre-concentration or the use of other
reporter particles (e.g., enzyme labeled particles, photoluminescent particles, and phage nanoparticles).
An example is the LFA study conducted by Hagström et al. [93], who incorporated M13 phage
nanoparticles as reporters, and an antibody pair to detect GI.1 Norwalk VLPs. This assay gave a LOD
of 107 VLPs/mL, which was 100-fold more sensitive than a conventional gold nanoparticle LFA test.
2.3.5. Western Blot
The western blot (also called protein immunoblot) assay has been widely used for the analysis of
proteins in tissue homogenates or extracts and its use is composed of several steps. First, the proteins of
the analytes are separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE),
according to their molecular weight. Then the protein bands are transferred to a nitrocellulose
membrane, followed by blocking and the addition of a specific primary antibody and enzyme labeled
secondary antibody. The step of gel electrophoresis reduces the probability of the cross-reactivity of
antibodies. Therefore, western blot seldom gives false positive results and it is the most commonly
used technique to confirm the positive results from ELISA tests [94]. However, compared to ELISA
tests, western blot is more difficult to perform and it requires higher skill.
Western blot has been used for the detection of NoV GII.4 VLPs. The VLPs are separated
by SDS-PAGE, then IgG and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG were
incorporated to capture and detect VLPs. The immunogenicities of VLPs and P particles were studied
by western blot, and the results showed that VLPs had higher immunogenicity than P particles [95].
Western blot has also been used in the study of mapping NoV antibodies. By testing the
interaction of mAbs with the deletion mutants of GII.4 VLP, the binding sites of the antibodies could
be identified [55]. Finally, Western blot has also been applied in the evaluation of antibody response
after viral infection, by using a crude small round-structured virus sample as an antigen. The major
viral structural protein could also be determined by Western blot [96].
3. Nucleic Acid-Based Techniques
The sequencing of the NoV genome contributed to the development of nucleic acid based assays
for HuNoV detection [97]. During the mid-1990s, the first conventional RT-PCR targeting a relatively
conserved small region of the RNA polymerase gene in open reading frame (ORF)1 was used for
the detection of NoV [11]. Since then, more real-time rapid and sensitive assays, including TaqMan
RT-PCR, SYBR Green RT-PCR and isothermal amplification assays have been developed for NoV.
By targeting the detection of a conserved genome region at the ORF1-ORF2 junction, real-time nucleic
acid based methods are more sensitive and broadly reactive than antigen detection assays [78].
3.1. Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
RT-PCR is currently considered to be the gold standard for detecting HuNoVs in clinical samples,
food, water, or environmental samples. It is also recommended by the International Organization
for Standardization (ISO) in technical specification documents ISO/TS 15216 to be applied for the
quantitative and qualitative detection of NoV in food and water [98,99]. However, problems associated
with false positives or inhibition can occur in RT-qPCR assays. It is also known that some PCR
inhibitors are present within samples such as food and stool [78]. Therefore, a good elution/extraction,
concentration and purification method before viral nucleic acid testing is very important. In addition,
the RT-PCR method is reagent-intensive, relatively slow (40 min~3 h) and generally requires connection
to an electrical grid [100]; though microfluidics-based techniques have been reported that address these.
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Further, this method cannot differentiate infectious from non-infectious HuNoVs. One of the additional
challenges with RT-qPCR and other nucleic acid-based techniques is the high diversity of norovirus
strain sequences coupled with the comparatively short length of the genome. However, numerous
broadly reactive primers (generally limited to genogroup-level reactivity) have been reported, with
most targeting the ORF1-ORF2 junction of the genome [11].
Multiplexed RT-qPCR can be used in the simultaneous detection of GI and GII strains or GI, GII,
and GIV strains of HuNoVs [101–103]. Several FDA-cleared multiplex molecular tests are commercially
available, including the xTAG(® ) Gastrointestinal Pathogen Panel (GPP), FilmArray™ and Verigene®
Enteric Pathogens Nucleic Acid Test, and can achieve results within several hours [11]. For example,
the xTAG(® ) GPP (Luminex Corporation, Toronto, Canada) could detect 15 gastrointestinal pathogens
(including viruses, bacteria and parasites) within 5 h for >90% of pathogens. It has an overall sensitivity
and specificity of 94.3% and 98.5%, respectively, according to a test of 901 stool specimens from
both children and adults [104]. There are also several molecular assays as in vitro diagnostic devices
approved by Europe with CE Marking certificate, including AndiaTee Norovirus real RT-PCR kit,
RealStar Norovirus RT-PCR kit, Xpert Norovirus kit and Allplex™ Gastrointestinal Panel Assays [105].
3.2. Isothermal Amplification Methods
Although still considered one of the most sensitive and gold standard techniques, real-time
RT-PCR has the limitations of lack of portability, takes ≥ 40 min to get a result, and is sensitive
to inhibitors. Due to this fact, numerous isothermal amplification techniques for the detection of
NoV have been reported; specifically the nucleic acid sequence-based amplification (NASBA) [106],
loop-mediated isothermal amplification (LAMP) [107] and recombinase polymerase amplification
(RPA) [108]. For instance, Moore et al. [106] found that NASBA is an alternative highly sensitive and
specific method for NoV detection. Specifically, the sensitivity and specificity of NASBA as compared to
that of RT-PCR was 100% and 80%, respectively [106]. In addition, Moore and Jaykus [108] developed
a rapid (<30 min) RPA assay for the detection of HuNoV RNA from outbreak samples, with a LOD of
~3.4 log10 gc. Jeon et al. [109] developed a one-step RT-LAMP assay for the detection of GI and GII
HuNoV and found that one step RT-LAMP was 10~100 times more sensitive than real time RT-PCR.
A colorimetric RT-LAMP assay with a metal ion-binding indicator dye (hydroxynaphthol blue dye)
was reported to have a sensitivity of 103 gc per reaction and a detection rate of 94.83% in detection of
GII NoV [110]. Different to the conventional RT-LAMP assay, the test result could be visually observed.
Positive samples showed a color change from violet to sky blue. The turbidity of the reaction could be
measured with a turbidimeter and the value could be compared against a cutoff value [110].
3.3. Nucleic Acid Based Methods to Assess HuNoV Infectivity
Currently, there is no standard method to assess HuNoV infectivity. Although some advanced
nucleic acid based assays have been explored to assess infectivity [111], each method has their own
limitations or shortcomings. Due to the fact that amplification-based techniques focus only on detection
of the presence of nucleic acid, they will not be able to discriminate between nucleic acid associated
with infectious virus versus that which is not. A few of the methods to better estimate viral infectivity
will be discussed; including long template RT-PCR, RT-PCR with intercalator, enzymatic pretreatment,
and receptor binding-pretreatment. For all of the mentioned techniques, none are able to completely
able to predict the signal observed with cultivable surrogates in inactivation studies, though many do
remove a notable portion of noninfectious particles.
Long template RT-PCR, which uses a long range of viral sequences for amplification, has been
investigated by several researchers due to its potential for assessing the integrity of the viral genome.
Currently, the real time RT-qPCR test only focuses on a small conserved region to test virus RNA
titer. However, it is possible that other regions of the genome are at risk of being damaged, while no
RNA reduction is shown by the real time RT-qPCR test. Since viral genome regions demonstrated
heterogeneous sensitivities to some inactivation treatments (e.g., UV), the damage of the genome does
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not follow the Poisson distribution [112]. A long template RT-PCR, which allows for the amplification
of a near full-length genome of NoV (7295~7360 nucleotides), had been used for the determination of
the near complete genome sequence of two GII clinical isolates [113]. However, long template RT-PCR
has low efficiency, sensitivity, and takes a long time, due to the amplification of such a large target [112].
In addition, Seo et al. [114] showed that long template RT-PCR gave a significantly underestimated
reduction of infectious NoV surrogates (MNV and MS2) after heat, salt or pH treatments; indicating
that noninfectious RNA was amplified. This is likely due to the fact that this method alone does not
account for RNA encapsidated in fatally damaged or mutated capsids.
Nucleic acid intercalators, including photoactivatable dye propidium monoazide (PMA) and
ethidium monoazide (EMA), have been used to assess the viability of bacterial cells (including
Escherichia coli and Bacillus subtilis) and viruses (including bacteriophage MS2 and HAV) [115,116].
Upon excitation by visible light (high power halogen lamps or specific LED devices), the azide group in
the dye converts to a nitrene radical, which covalently binds to nucleic acid and results in stable products
non-amplifiable by PCR. The intercalators are impermeable to intact cell membrane or viral capsids,
and only crosslink with nucleic acids from damaged cell membranes or viral capsids. By incorporating
a PMA pre-treatment prior to RT-PCR, the detection of noninfectious viruses could be eliminated to
some extent [115]. Although this method has been used to selectively differentiate infectious and
noninfectious viruses, under some circumstances, it can be unreliable due to its inconsistency in
performance. For example, RT-PCR with PMA pre-treatment has successfully differentiated intact viral
particles (MNV-1 and NV) from naked viral RNA, but it is unable to do so between infectious and
noninfectious NV (by any treatment) [117]. In addition, it was shown that EMA-coupled RT-qPCR
underestimated GII.4 HuNoV reduction by cold plasma [118]. Improved versions of PMA and EMA
(PMAxx and PEMAX) are commercially available, and PMAxx has been shown to have a better
performance than conventional photoactivatable dyes (PMA and EMA) in assessing NoV infectivity.
According to a study conducted by Randazzo et al. [117], pretreatment with PMAxx and surfactant
(Triton X-100) was able to discriminate infectious and thermally inactivated NoV, with the latter
having ~1.4 to > 2 log reductions of RT-PCR signals. In addition, this pretreatment step could be
easily incorporated into the ISO 15216 method for detection of HuNoV or HAV in food and water
samples [117]. However, in theory, this method would not account for particles with damaged or fatally
mutated P domain, for which icosahedral contacts maintain intact, which is a possibility observed
for this and enzymatic pretreatment (below) [119]. More research needs to be conducted to show the
efficacy of this method in assessing NoV infectivity.
Enzymatic pretreatment (ET), combined with a nucleic acid-based detection method, has also
been proposed as a potential assay to detect infectious HuNoVs. Enzyme pre-treatment (a combination
of proteinase K and RNase A) (one step) was introduced by Nuanualsuwan and Cliver [120], which
could reduce false-positive signals by degrading damaged viral capsids as well as naked viral RNA.
Though no false positive results were observed when ET combined with the real time NASBA method
were applied for detection of heat treated feline calicivirus (FCV) and HuNoV according to Lamhoujeb
et al. [9], further investigation of how accurate this method is for the detection of other virus strains
and inactivation treatments is needed. In addition, although RNase treatment can degrade viral RNA
with damaged viral capsids (not intact viral particles) and is very stable, the presence of small low
molecular weight RNA fragments or ribonucleoproteins (RNPs) can be detected by RT-PCR. Moreover,
RNase resistant RNPs can be released from HuNoV viral particles under heat inactivation treatments
(e.g., 45 ◦ C for 1.5 min) [112]. The partially damaged capsid may also render the residual protection of
RNA. Furthermore, the combination of proteinase K and RNase A is very difficult to control, since the
RNase could be degraded by proteinase K, which needs to be stabilized in 1 mM calcium ions [112].
Though separating ET by adding proteinase K and RNase A sequentially (two steps) were reported to
be more sensitive at reducing false-positive signals than one step ET, neither was able to completely
remove false-positive signals [121].
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Among all the proposed nucleic acid-based methods for infectious HuNoV detection, the use of a
ligand binding step prior to detection by RT-qPCR is the most widely used and has been shown to
be both a rapid and sensitive technique for removing noninfectious viral particles. Magnetic beads
can be conjugated with different ligands (i.e., PGM, HBGA, antibodies or aptamers) for the specific
capture of HuNoV from samples. Cannon and Vinjé [122] utilized a binding step with magnetic
beads conjugated with H type 1 HBGA followed by RT-PCR and were able to detect 30~300 gc of the
Norwalk virus from environmental waters. The use of PGM-MB combined with the RT-qPCR assay was
proposed by Dancho et al. [123] as a potential method to discriminate infectious from non-infectious
NoVs, since a reduced binding of NoVs to PGM-MB was observed after inactivation treatments (UV,
thermal or high pressure). However, the efficacy of this method varies, depending on the HuNoVs
strains and inactivation treatments, as shown by Afolayan et al. [124], where complete elimination
of RT-PCR signals was achieved for both GI.1 and GII.4 when inactivated by the levulinic acid plus
sodium dodecyl sulfate treatment but not after heat treatment (99 ◦ C for 5 min). It is believed that
non-infectious viruses could also be detected in the RT-qPCR assay with the PGM-MB pre-treatment,
since partially damaged viral capsids may have a portion that is able to both protect viral RNA from
RNase degradation, but also bind to PGM after inactivation treatments [124,125]. Aside from HBGA
and PGM, antibodies have also been conjugated to magnetic beads to capture NoV from contaminated
samples and combined with RT-qPCR for detection, which would still likely result in removal of naked
RNA and matrix-associated inhibitors but would likely capture damaged capsids. Interestingly, Moore
et al. [119] demonstrated that aptamer M6-2 displayed similar dependence on intact viral capsids for
binding as HBGAs, suggesting that aptamer M6-2 could be utilized in a binding step to detect intact
viral particles. Park et al. [126] successfully detected NoV from artificially contaminated strawberries
with a LOD of 3 ~ 7 RT-PCR units and a recovery rate of 14% ~ 30%. The use of magnetic bead separation
with RT-qPCR has several advantages, including concentrating viruses and removing inhibitors from
the food matrix. By conjugating with antibodies, PGM or HBGA, the magnetic separation method could
only bind to viral capsid (not naked viral RNA), which could eliminate the detection of inactivated
viruses with a naked viral RNA. However, these methods are also unable to completely differentiate
infectious from noninfectious viruses with fatally mutated or damaged genomes, and the specificity of
this method is strongly dependent on that of the capture ligand used. The fact that broadly reactive
ligands are unavailable also hampers the application of this technique in the detection of various
HuNoV strains [127].
4. Biosensors
Biosensors have received much interest over the past decade and have been increasingly studied
for NoV detection. A biosensor is an analytical device that converts a biological response into an
electrical signal by integrating a biologically active element with an appropriate physicochemical
transducer or transducing system. Biosensors are primarily grouped into optical, electrochemical,
piezoelectrical, thermal, magnetic and micromechanical biosensors, according to the signal transducers
used [128]. A summary of the available biosensor-based methods for the detection of NoV and its
surrogates is shown in Table 3.
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Table 3. Biosensor methods for detection of norovirus and its surrogates.
Biosensor Method

Target

SERS

FCV

SERS

MNV

SERS- ICG

NoV VP1
protein

LSPR-based
fluorescence

NoV VLPs

Platform
Functionalized
gold chips
Gold coated
silicon wafers
Polyethylene
polyvinyl chloride
base strip
NP solution

Detection Material

Ligand
Chosen

Sample Type

Detection
Time

Linear Range
106 ~2.5

1.0 ×
×
viruses/mL

108

Detection Limit
1×

106

viruses/mL (or ~70
captured viruses)

Specificity

Reference

N/A

[129]

AuNP

mAb

Cell culture

N/A

Gold substrate

N/A

Mixture virus strains

N/A

N/A

Titer of 100

N/A

[130]

Colloidal gold

Antibody

Centrifuged fecal
specimen

~15 min

3~150 ng/mL detection
range

0.5 ng/mL

Good

[131]

AuNP and QDs

Antibody

N/A

~5 min

10~100 pg/mL

0.4 pg/mL

N/A

[132]

12.1 fg/mL NoV VLPs and
95 copies/mL clinically
isolated HuNoV
0.1 ng/mL NoV capsid
protein in culture media
and 9.9 copies/mL HuNoV

Superior

[133]

High

[134]

LSPR-induced
optical sensor

NoV VLPs
and HuNoV

Liquid

CdSeTeS QDs/AuNP nanocomposite

Antibody

NoV VLPs and
clinically isolated NoV

Response
time 1 min

10 fg/mL~1 ng/mL NoV
VLPs and 100~100,000
copies/mL

Plasmonic biosensor

NoV capsid
and HuNoV

LSPR layer

AuNP

Affinity
peptide

NoV capsid protein and
HuNoV

N/A

10~105 copies/mL

LSPR-amplified
fluorescence
assisted by
magnetic field

NoV VLPs
and HuNoV

Liquid

AuNP/MNP hybrid nanocomposites
and CdSeS QDs

GII antibody

NoV VLPs in feces and
feces containing
HuNoV

N/A

1 pg/mL to 5 ng/mL
NoV VLPs; 102 ~107
RNA copies/mL GII
isolated clinical HuNoV

0.48 pg/mL NoV VLPs in
feces; 84~934 copies/mL GII
HuNoV

High

[135]

SPR

FCV

Au sensor chip

Thin gold layer

Antibody

<15 min

3 × 104 ~106 TCID50
FCV/mL

104 TCID50 FCV/mL

N/A

[136]

SPR

HuNoV
(GII.4)

Au sensor chip

Polyacrylate beads

Con A

15 min

N/A

up to 10 RT-PCR units/mL

N/A

[137]

SPR-assisted
fluorescence

NoV VLPs

Al film on
polystyrene
substrate

CdSe-ZnS-based quantum dot
fluorescent dye

mAb and
pAb

N/A

N/A

0.01~1 ng/mL

0.01 ng/mL (or 100 VLPs)

N/A

[138]

Fluorescence

NoV GII
RNA

Purified and mixed
virus RNA

N/A

2~18 copies/mL

1.2 copies/mL

High

[139]

Fluorescence

Single NoV
VLP (GII.4)

Fluorescence

FCV

Fluorescence

Single
strand NoV
RNA

Fluorescence

NoV capsid
protein

Liquid

Lipid bilayer
coated
glass-bottom
microtiter wells
Fabricated
nanoporous
membranes in
glass
microchannels

AuNR@CdSeTe QDs

MB
containing
20 bp
complementary
to NV RNA

Purified cell culture
lysates or spiked oyster
matrices
Spiked lettuce,
strawberries, and milk

Rhodamine-labeled lipid vesicle

H type 1
GSL

N/A

<2 h

12~200 fM

16 fM (single-molecule)

High

[140]

Protein A superparamagnetic beads
and fluorescent liposomes

mAb and
pAb

Purified and dialyzed
virus

Within 2.5 h

N/A

1.6 × 105 PFU/mL

N/A

[141]

96 well plates

Fluorescent F0F1-ATPase molecular
motor containing ε-subunit
antibody-streptomycin-biotin-probe

NoV RNA
probe

Extracted RNA

Within 1 h

N/A

0.005 ng/mL

High

[142]

Paper-based
microfluidic
platform

MWCNT or GO

Aptamer

Spiked mussel samples

~10 min

13 ng/mL to 13 µg/mL

3.3~4.4 ng center dot per
mL

High

[70]
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Table 3. Cont.
Biosensor Method

Target

Platform

Detection Material

Ligand
Chosen

Sample Type

Chemiluminescence

NoV GII
capsid

Magnetic NP
solution

GO/Fe3 O4 nanocomposite

Modified
aptamer

Tap water and artificial
urine

BLI

NoV
antibody

Octet BLI sensor

Co(III)-NTA

Avidin and
His-tagged
NVLPs

Human serum samples

BLI

NoV
antibody

Octet BLI sensor

Ni-NTA

NoV VLPs
or NoV
P-particles

Human serum samples

BLI

NoV VLPs
(GI.1 and
GII.4)

Needle-shaped
sensor

N/A

Antibodies

N/A

Detection
Time
30 min
incubation
time
10–15 min
oxidation
time
10-20 min
with
pre-functionalized
sensors
2 min

Linear Range

Detection Limit

Specificity

Reference

0.16–10 µg/mL

80 ng/mL (in tap water)

High

[143]

N/A

N/A

N/A

[144]

N/A

Dilutions up to 1:100,000

N/A

[145]

10~20 µg/mL

5 µg/mL

N/A

[146]

[147]

3D dual-view light
sheet microscopy
based

NoV GI
capsid

Gold nanoarray
on glass wafer

AuNS and AgNP

Antibody

NoV capsid spiked
lettuce leaf

N/A

7.8 zM~240 aM

7.8 zM

Signal
slightly
increase
towards
other
antigens

Photoluminescence
based biosensor

NoV GII
RNA

96-well plate

SiO2 -coated CdZnSeS QD

Molecular
beacon

Buffer and human
serum

3 min
hybridization
time

2~16 copies/mL in
buffer and 0~8
copies/mL in human
serum

8.2 gc/mL in human serum
and 9.3 gc/mL in buffer

high

[148]

Near-field
illumination
biosensor assisted
by external
magnetic field

NoV VLPs

Liquid cell

Magnetic bead and polystyrene bead

Antibody

Contaminated water

N/A

N/A

40 particles per 100 mu l in
contaminated water

N/A

[149]

Nake-eye biosensor

HuNoV

Dot-blotting

Polyhedral Cu nanoshell deposited
AuNPs

Antibody

Stool

Signal
generation
time 10 min

2.7 × 103 ~2.7 × 105
copies

2700 copies NoV in clinical
stool samples

High

[150]

Silver-enhanced
nanozyme-based
colorimetric
immunoassay

NoV VLP
and GII.4
feces

Microtiter plate

Au/Ag NPs

GII antibody

Human feces

N/A

10.8 pg/mL NoV VLP;
13.2~16.3 gc/mL fecal NoV
GII.3 and GII.4 (or 132~163
gc/g feces)

High

[151]

Colorimetric
NanoZyme
aptasensor

MNV

Liquid

AuNP

AG3
Aptamer

Cell culture in presence
of matrix

10 min

200 viruses/mL
(experimental) and 30
viruses/mL (calculated)

High

[69]

Electrochemical

GII NoV
VLPs

PDMS
microfluidic chip

GRP-AuNPs composite modified
carbon electrode

Aptamer

NoV RNA
NoV VLPs
NoV capsid
proteins or
HuNoV

Planar Pt-IDE
Pt-IDE

Au/iron-oxide MNP-decorated CNT
Au/MNP-decorated GRPs

Probe RNA
Antibody

Spiked blood samples
and samples with other
interferences
N/A
N/A

Three-electrode
cell

Au electrode

Affinity
peptide

Spiked fetal bovine
serum

Electrochemical
Electrochemical
Electrochemical

10~105 pg/mL NoV
VLP ; 10~104 and
102 ~105 copies/mL fecal
solution for NoV GII.3
and GII.4, respectively
200−10,000 viruses/mL,
or 1320−19,800
viruses/mL, or
3300−33,000 viruses/mL

N/A

100 pM~3.5 nM

100 pM

High

[152]

N/A
N/A

1 pM~10 nM
0.1 pg/mL~1 ng/mL
0.01~1000 µg/mL NoV
capsid proteins; 1~103
or 103 ~106 NoV

8.8 pM
1.16 pg/mL
99.8 nM for NoV capsid
proteins and 7.8 copies/mL
for HuNoV

High
High

[153]
[154]

Varied

[155]

N/A
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Table 3. Cont.
Biosensor Method

Target

Platform

Detection Material

Ligand
Chosen

Sample Type

Detection
Time

Linear Range

Detection Limit

Specificity

Reference

Electrochemical

NoV capsid

Chromium IDE
fabricated glass
substrate

Chromium IDE

N/A

Recombinant NoV
capsid

5 min

N/A

2.5 ng/mL

N/A

[156]

Voltammetric
electrochemical

NoV (GII.4)

PDMS bonded
glass substrate

Au electrode

Con A and
NoV
antibodies

Lettuce

1h

102 and 106 copies/mL

60 copies/mL

98%

[157]

Protein A superparamagnetic beads
and electrochemical liposomes

mAb and
pAb

Purified and dialyzed
virus

2.5 h

N/A

3.2 × 106 PFU/mL

N/A

[141]

Cell culture

N/A

10~104 PFU/mL

10 PFU/mL

N/A

[68]

10 aM (~180 virus particles)

Not high

[67]

1.78 gc/mL HuNoV GII.4
and 2.47 gc/mL NoV from
oysters

High

[158]

~0.1 µg/mL

N/A

[159]

0.50 nM

N/A

[160]

Electrochemical

FCV

Electrochemical

MNV

Fabricated
nanoporous
membranes in
glass
microchannels
Fabricated silicon
substrate

Au working electrode

Electrochemical

MNV

SPE

AuNP

Impedance
electrochemical

HuNoV
GII.4

SPE

Au electrode

Field effect
transistor based

NoV VLPs

Kapton films

Inkjet-printed graphene materials

NoV RNA

An
electrochemical
workstation

CdSe–ZnO

Photoelectrochemical

Aptamer
AG3
Aptamer
AG3

Cell culture

60 min

Clinical HuNoV

Within 30
min

Antibody

NoV VLPs

N/A

DNA probe

Spiked diluted serum

N/A

NoroBP-nonFoul
(FlexL)2
peptide

20~120 aM (ca.
360~2170 viral particles)
0 to 104 copies/mL
HuNoV GII.4; 10 to 105
copies/mL extracted
NoV from oysters
0.1 to 100 µg/mL NoV
VLPs
0~5.10 nM NoV RNA

Abbreviations: Surface-enhanced Raman spectroscopy (SERS); immunochromatography (ICG); localized surface-plasmon resonance (LSPR); surface plasmon resonance (SPR); feline
calicivirus (FCV); murine norovirus (MNV); norovirus (NoV); recombinant norovirus-like particles (NoV VLPs); multi-walled carbon nanotubes (MWCNT); graphene oxide (GO);
interdigitated electrode (IDE); Concanavalin A (Con A); polydimethylsiloxane (PDMS); glycosphingolipids (GSL); screen-printed electrode (SPE); biolayer interferometry (BLI); norovirus
like particles (NoV VLPs); monoclonal antibody (mAb); polyclonal antibody (pAb); 50% tissue culture infective dose per mL (TCID50 /mL); gold nanoparticle (AuNP); magnetic nanoparticle
(MNP); quantum dots (QD); carbon nanotubes (CNT); aluminum (Al); gold (Au); graphenes (GRPs); three-dimensional (3D); gold nanospots (AuNSs); silver nanoparticles (AgNP);
molecular beacon (MB).
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4.1. Optical Biosensors
Optical biosensors have several subclasses based on the measurement of adsorption, reflection,
refractive index, Raman, infrared (IR), fluorescence, chemiluminescence, and energy transfer [161,162].
A number of optical biosensors, including surface-enhanced Raman spectroscopy (SERS), surface
plasmon resonance (SPR), and evanescent wave-based biosensors, have been applied in virus
detection. These detection methods are often rapid, label-free and have high sensitivity or specificity.
Unlike ELISA-based techniques, optical biosensors require minimal sample preparation and can detect
at near real-time.
4.1.1. Surface Enhanced Raman Scattering (SERS)
Surface enhanced Raman scattering, or surface enhanced Raman spectroscopy (SERS), is an
optical detection technique that enhances Raman scattering of molecules adsorbed on or close to
metal nanostructures. SERS is a rapid method that has been used frequently for pathogen detection
and disease diagnosis. It has been applied for the detection and differentiation of a number of
viruses, including adenovirus [130] and rotavirus [163]. The SERS technique can provide a ‘fingerprint’
spectrum for each sample, giving information on structure and constituents. Compared with other
detection methods, SERS has the benefit of less volume input, high sensitivity, and high specificity.
Furthermore, it can also be used as a qualitative or quantitative detection method for virus samples.
Quantification of virus titers is possible if proportional relationships are achieved between SERS peak
intensities and sample concentrations [164].
When the SERS technique is applied for detection purposes, the two formats designated as
intrinsic and extrinsic are usually used. For intrinsic SERS (also known as label-free) detection methods,
the spectrum is obtained from the target molecule without the use of extrinsic Raman labels (ERLs),
while extrinsic SERS uses ERLs. Among the two, the intrinsic detection method is considered to be
more preferable as the introduction of ligands or Raman labels may bring in uncertainties [165].
SERS has also been applied towards the detection and differentiation of HuNoV surrogates FCV
and MNV. Driskell et al. [129] successfully utilized SERS to detect FCV. This was achieved through a
sandwich structure composed of a mAb immobilized gold substrate to capture FCV from cell culture
and an ERL, as depicted in Figure 1. Specifically, the ERL consisted of mAb conjugated AuNPs, linked
with a Raman reporter molecule 5,50 -dithiobis(succinimidyl-2-nitrobenzoate). A LOD of 106 viruses/mL
was achieved for FCV with this method [129]. MNV detection using SERS has been demonstrated
by Fan et al. [130], whom successfully detected and differentiated the norovirus strain MNV-4 from
other virus strains (i.e., adenovirus and rotavirus), based on their intrinsic SERS spectrum. Results also
showed that purified MNV-4 was differentiable from unpurified MNV-4 (containing Vero cell lysate)
and control (Vero cell lysate). The bands from MNV-4 at 744 and 937 cm−1 corresponded to adenine
and C−COO− stretch, respectively.
Despite these achievements in the detection of HuNoV surrogates, SERS has not yet been applied
in the detection and differentiation of HuNoVs. A major obstacle lies in the fact that HuNoV clinical
samples are collected from feces of infected individuals, with a large variation in sample impurities.
Therefore, some pretreatment of the samples may be required to selectively capture HuNoV from the
feces or remove impurities. Additionally, the equipment cost for SERS is high (approximately $15,000),
and incubation time may be long, though miniaturized instruments are available [141].

Foods 2020, 9, 318

20 of 37

Foods 2020, 9, 318

25 of 41

Figure 1.
1. Detection
Figure
Detection of
of feline
feline calicivirus
calicivirus (FCV)
(FCV) by
by extrinsic
extrinsic surface
surface enhanced
enhanced Raman
Raman scattering
scattering (SERS)
(SERS)
[129]with
withpermission
permissionfrom
fromthe
thepublisher).
publisher).
(reprinted from
from Driskell
Driskell et
et al.
al. [129]
(reprinted

4.1.2.Despite
Surface these
Plasmon
Resonance (SPR)
achievements
in the detection of HuNoV surrogates, SERS has not yet been
applied
in theplasmon
detection
and differentiation
HuNoVs.phenomenon
A major obstacle
in the
HuNoV
Surface
resonance
(SPR) is anofoscillating
thatlies
occurs
in fact
thinthat
conducting
clinical
samples
are
collected
from
feces
of
infected
individuals,
with
a
large
variation
in
films placed at the interface between two media of different refractive indices. When a bindingsample
event
impurities.
Therefore,
pretreatment
the samples
be required
to selectively
capture
occurs,
changes
in masssome
near the
sensor chipofsurface
causes amay
change
in the refractive
index. SPR
is a
HuNoV
from
the
feces
or
remove
impurities.
Additionally,
the
equipment
cost
for
SERS
is
high
highly sensitive, quantitative and rapid label-free technique used to study the binding affinity between
(approximatelyIt $15,000),
incubation
be long,
thoughEpstein–Barr
miniaturizedvirus,
instruments
biomolecules.
has been and
widely
used for time
virusmay
detection,
including
hepatitisare
B
available
[141].
virus (HBV) and human immunodeficiency virus type 1 (HIV-1) as well as viral protein detection, such
as HA proteins in the influenza virus (serotypes H1N1 and H3N2) [36].
4.1.2.SPR
Surface
Plasmon
Resonance
(SPR)
analysis
has been
utilized
to study the binding affinity and kinetics of ligands with NoVs.
Specifically,
Kou
et
al.
[16]
reported
the
binding ofphenomenon
multiple mAbs,
a Kdinvalue
of <10 nM
Surface plasmon resonance (SPR) strong
is an oscillating
thatwith
occurs
thin conducting
with
VLPs.
addition,
SPR could
be used
for the identification
of a broadly
reactiveevent
scFv
films NoV
placed
at theIn
interface
between
two media
of different
refractive indices.
When a binding
(HJT-R3-A9),
thatincould
multiple
NoV
VLPs causes
[166]. Aside
frominantibody
binding
studies,
occurs, changes
massbind
nearwith
the sensor
chip
surface
a change
the refractive
index.
SPRSPR
is a
has
also sensitive,
been applied
to the study
of the
interaction
between
human
milktoglycan
VLPs (strains
highly
quantitative
and
rapid
label-free
technique
used
studyand
theNoV
binding
affinity
VA387
and
Norwalk), as It
well
ABHwidely
antigens
binding
to VLPs
[41,167].including
Shang et Epstein–Barr
al. [41] utilizedvirus,
SPR
between
biomolecules.
hasasbeen
used
for virus
detection,
imaging
to
show
that
human
milk
glycan
motif
specifically
binds
to
NoV
and
competitively
inhibits
hepatitis B virus (HBV) and human immunodeficiency virus type 1 (HIV-1) as well as viral protein
viral
capsidsuch
binding
to host
receptors.
SPR, Hurwitz
et al. [57] identified
scFvs
(NJT-R3-A2 and
detection,
as HA
proteins
in the By
influenza
virus (serotypes
H1N1 andtwo
H3N2)
[36].
NJT-R3-A3)
that could
bind utilized
to GI.1 and
GI.7 VLPs,
with Kd
valuesand
of 27
nM and
nM, respectively.
SPR analysis
has been
to study
the binding
affinity
kinetics
of 49
ligands
with NoVs.
Similarly,
Kim
et
al.
[137]
demonstrated
that
concanavalin
A
(Con
A)
can
bind
with
HuNoV
(GII.4),
Specifically, Kou et al. [16] reported the strong binding of multiple mAbs, with a Kd value of <10
nM
with
metal
coordination
of ConbeAused
identified
a major region
the interaction.
with the
NoV
VLPs.
In addition,region
SPR could
for theasidentification
of of
a broadly
reactiveSpecifically,
scFv (HJTthe
Kd values
determined
for multiple
native Con
A and
Con
A by SPR
R3-A9),
that could
bind with
NoV
VLPsmetal
[166].coordinating
Aside from region-mutated
antibody binding
studies,
SPR
were
71.5been
± 6.7 applied
nM and to
22.0
± study
17.0 µM,
By between
using Con
A-immobilized
polyacrylate
has also
the
of respectively.
the interaction
human
milk glycan
and NoVbeads,
VLPs
HuNoV
(GI andand
GII)Norwalk),
could be rapidly
15 min with
90%to
recovery
over a wide
range
of [41]
pH
(strains VA387
as welldetected
as ABHinantigens
binding
VLPs [41,167].
Shang
et al.
values
(pH
3.0~10.0)
[137].
utilized SPR imaging to show that human milk glycan motif specifically binds to NoV and
competitively inhibits viral capsid binding to host receptors. By SPR, Hurwitz et al. [57] identified
two scFvs (NJT-R3-A2 and NJT-R3-A3) that could bind to GI.1 and GI.7 VLPs, with Kd values of 27
nM and 49 nM, respectively. Similarly, Kim et al. [137] demonstrated that concanavalin A (Con A)
can bind with HuNoV (GII.4), with the metal coordination region of Con A identified as a major
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region of the interaction. Specifically, the Kd values determined for native Con A and metal
Con A by SPR were 71.5 ± 6.7 nM and 22.0 ± 17.0 μM, respectively.
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and a GSL contained rhodamine-labeled vesicle to emit a fluorescent signal after total internal
and
a GSL contained rhodamine-labeled vesicle to emit a fluorescent signal after total internal reflection
reflection fluorescence (TIRF) illumination, as shown in Figure 4. This assay could achieve a LOD of
fluorescence (TIRF) illumination, as shown in Figure 4. This assay could achieve a LOD of 16 fM and a
16 fM and a single-molecule sensitivity, since individual vesicles could be visualized by TIRF
single-molecule sensitivity, since individual vesicles could be visualized by TIRF microscopy [140].
microscopy [140]. In another study conducted by Connelly et al. [141], a fluorescence based
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conjugated to the probe [142].
Due to much lower background noise, chemiluminescence was described to be more sensitive
than UV-vis absorbance and fluorescence [143]. Kim et al. [143] developed a chemiluminescence based
biosensor by using a modified DNA aptamer for the rapid and highly specific detection of NoV GII
capsid in tap water with a LOD of 80 ng/mL. In addition, colorimetric based sensors have also been
used for NoV detection. For instance, Khoris et al. [151] developed a silver-enhanced nanozyme-based
immunoassay for detection of NoV VLPs with naked-eye, as shown in Figure 5. The enhanced
immunoassay could achieve a LOD of 10.8 pg/mL NoV VLP, as well as 13.2 and 16.3 copies/mL fecal
solution (or 132 and 163 copies/g feces) for NoV GII.3 and GII.4, respectively [151]. Similarly, Ahmed
et al. [169] used peroxidase-like graphene-AuNPs for visible detection of NoV VLPs with a LOD of
92.7 pg/mL. Han et al. [170] also developed a naked eye microfluidic 3D slip paper-based analytical
device for the detection of GII.4 NoV from human feces with a LOD of 9.5 × 104 gc/mL. Furthermore,
Lee et al. [171] developed a supersensitive sensor using a 3D total internal reflection scattering defocus
microscopy, with wavelength-dependent transmission grating for the detection of NoV with a LOD of
820 yM. This method was stated to be applicable for the early stage infection of HuNoV.

microfluidic biosensor was shown to be able to detect FCV with a LOD of 1.6 × 105 PFU/mL within
2.5 hr. Another fluorescence based biosensor developed by Zhao et al. [142] had been shown to be
able to detect NV RNA with a limit of quantification of 0.005 ng/mL within 1 hr. The F0F1-ATPase
molecular motor biosensor was applied to detect NV RNA with a “ε-subunit antibody-streptomycinFoods 2020, 9, 318 system. The fluorescence intensity change compared to the control showed that
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Figure 4. Detection of norovirus-like particles (VLPs) by total internal reflection fluorescence (TIRF).
H type 1 glycosphingolipids (GSL) are used as receptors for VLPs. A GSL contained rhodaminelabeled vesicle emits fluorescence after TIRF illumination. (Reprinted from Bally et al. [140] with
permission from the publisher).

Due to much lower background noise, chemiluminescence was described to be more sensitive
than UV-vis absorbance and fluorescence [143]. Kim et al. [143] developed a chemiluminescence
based biosensor by using a modified DNA aptamer for the rapid and highly specific detection of NoV
GII capsid in tap water with a LOD of 80 ng/mL. In addition, colorimetric based sensors have also
been used for NoV detection. For instance, Khoris et al. [151] developed a silver-enhanced nanozymebased immunoassay for detection of NoV VLPs with naked-eye, as shown in Figure 5. The enhanced
immunoassay could achieve a LOD of 10.8 pg/mL NoV VLP, as well as 13.2 and 16.3 copies/mL fecal
solution (or 132 and 163 copies/g feces) for NoV GII.3 and GII.4, respectively [151]. Similarly, Ahmed
et al. [169] used peroxidase-like graphene-AuNPs for visible detection of NoV VLPs with a LOD of
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4.2. Electrochemical Biosensors
4.2. Electrochemical
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10
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biosensors
have been detection
used for the
detection
of small to
analytes
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large
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[173].
molecules. Some advantages of electrochemical detection assays were reported to be inexpensive,
simple and robust [173].
For example, a dielectrophoretic impedance measurement method developed by Nakano et al.
[156] could detect 2.5 ng/mL of NoV capsid in 5 min. Compared with the immunochromatography
method, this method had comparable sensitivity but required shorter time. Target viruses could be
captured in the gap of microelectrodes by dielectrophoresis and the resulting conductance increase
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For example, a dielectrophoretic impedance measurement method developed by Nakano et al. [156]
could detect 2.5 ng/mL of NoV capsid in 5 min. Compared with the immunochromatography method,
this method had comparable sensitivity but required shorter time. Target viruses could be captured in
the gap of microelectrodes by dielectrophoresis and the resulting conductance increase is associated
with the number of viruses being trapped [156]. In another study [157], an electrochemical biosensor
Foods 2020, 9, 318
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4.3. Piezoelectric Biosensors

4.3. Piezoelectric
Biosensors
Piezoelectric
mass-based biosensors have been investigated for virus detection [173]. Mass based
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[173].
Currently, mass-based biosensors are in their preliminary stage of development in terms of
detecting HuNoVs. QCM-D has been used for studies in the binding of NoV VLPs with
galactosylceramide and GSL [39,176]. QCM monitoring has also been studied for the detection of
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Currently, mass-based biosensors are in their preliminary stage of development in terms
of detecting HuNoVs. QCM-D has been used for studies in the binding of NoV VLPs with
galactosylceramide and GSL [39,176]. QCM monitoring has also been studied for the detection
of NoV RNA by using a Padlock probe and rolling circle amplification method [177]. Thus far, no
or few studies have reported the LOD of NoV or its VLPs by the QCM-D method. By studying a
sandwich-type proximity ligation assay for NoV VLP detection, Neumann et al. [178] demonstrated
that a pronounced slipping effect can occur in multilayer biological systems, which could cause
energy dissipation followed by mass underestimation when using QCM. Therefore, the piezoelectric
mass-sensitive devices have limited applications.
AFM has also been used for NoV detection. Driskell et al. [129] reported that AFM could be used
for the quantification of FCV, as signal increased with higher virus concentrations, and the results
corresponded with that determined by SPR. Recently, Aybeke et al. [179] used high-speed AFM and
SERS for analysis of MNV infection. AFM has also been used for imaging the integrity of NoV VLPs
by a nanoindentation study [180].
5. Microarray
Microarrays consist of a large panel of specific probes immobilized on surfaces, which could detect
virus genotypes based on solid phase probe hybridization. Microarray tests allow for simultaneous
detection and subtyping of thousands of genes or target sequences within a short period of time [181].
Moreover, the rapid detection and differentiation of viruses is possible by determining the identity of
the viruses directly from the detection signals [182]. As an example, a long oligonucleotide (70-mer)
DNA microarray developed by Wang et al. [183] was able to detect hundreds of viruses at one time.
Over past years, microarrays have been explored for rapid detection and genotyping of
NoVs. Pagotto et al. [184] at Health Canada developed an oligonucleotide array (NoroChip2.0),
for simultaneously detecting and genotyping NoVs (GI and GII), through hybridization with a 917-bp
RT-PCR product of NoV. Following that, Mattison et al. [165] developed the NoroChip v3.0, which has
the capability of screening for over 600 interactions at one time, and had been validated in several
international laboratories. However, limitations existed in the application of NoroChip v3.0 for strain
typing, due to the difficulty of obtaining a long and specific amplicon from all NoV strains [185].
Another study conducted by Yu et al. [186], who optimized a custom DNA microarray (FDA_EVIR)
for the detection of NoV, showed that the amplification-free detection of NoV within 250~500 copies of
viral RNA could be achieved. A variation in the microarray technique was introduced by Brinkman
and Fout [187], who developed a generic tag array for successful detection and genotyping of 8
NoV genotypes (GI and GII) in tap and river water samples. This was achieved through the use
of RT-PCR amplicons in a single base extension reaction with labeled genotype specific probes and
hybridization to a GenFlexTM Tag Array. In addition, Quinones et al. [188] developed a microarray
based platform for sensitive genotyping of 12 (GI/GII) HuNoV genotypes and 2 HAV genotypes from
clinical samples, with a detection threshold of < 10 transcript copies. Won et al. [189] also developed an
oligonucleotide-based microarray for the detection of foodborne viruses (including NoV, HAV, human
rotavirus and human astrovirus), with the selected probes having a detection limit of 100 ng DNA
for each virus. Even though microarray-based approaches have high throughput and are relatively
inexpensive, problems such as high background (due to cross-hybridization) and limited detection
range may hamper their application.
6. Omics-Based Approaches and Other Detection Methods
The omics-based approaches (including metagenomics, proteomics and metabolomics) have also
been explored for NoV detection [190]. For instance, next generation sequencing has been applied
for the subtyping of HuNoV with maximum resolution [191–193]. However, this technique cannot
identify the infectivity of viruses, unless the viral genome is damaged. Mass spectrometry (MS) is
another technique that has been applied for the identification of viral proteins and intact viruses [194].
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The application of MS in the identification of NoV protein was first reported by Colquhoun et al. [195]
using matrix-assisted laser desorption ionization (MALDI) coupled with a time-of-flight (TOF) and
nano-electrospray ionization mass spectrometry (ESI-MS) in the detection of NoV VLPs in clinically
relevant matrices. Even though the detection of intact proteins showed poor selectivity and sensitivity,
peptide mass fingerprinting was able to detect up to 16 viral peptides and 0.1 pmol ~ 50 pmol of the 56
kDa NoV capsid protein in authentic standards of VLPs, in addition to more than 250 fmol of NoV
capsid protein in stool extracts [195]. By comparison, Colquhoun [161] showed that MALDI-TOF MS
performed more rapidly, was less expensive and could be used for the screening of relatively clean
samples; while ESI-MS may be more suitable for complicated matrices and confirmatory analysis.
Another interesting study conducted by Hellberg et al. [196] incorporated RT-PCR with ESI-MS for
the detection and differentiation of NoV. This technique had a high sensitivity of 92% and specificity
of 100% within one working day. Moreover, 98% of NoVs at the genogroup level and 75% of NoVs
at the genotype level can be identified by this method, which could also be improved to obtain an
even higher identification rate if more reference samples could be added to the database [196]. Direct
ESI-MS has also been used for the quantitative study of the interaction between the P2 domain of
GII.4 with HBGAs by Han et al. [25] Unfortunately, the high cost of the equipment and large space
requirement limits the application of MS for the detection of NoV [194].
The omics-based methods are still under development and they have not been applied for NoV
detection. The requirement of extraction of nucleic acids, proteins and metabolites from the NoV
contained sample matrix may hinder the application of omics-based approaches in the rapid diagnosis
and genotyping of NoV [190]. However, the omics-based approaches were described to have potentials
for biomarker detection that could be applied for rapid kit development for NoV detection [190].
Aside from the aforementioned techniques, several other methods have also shown potential
in NoV detection. For example, the capillary isoelectric focusing-whole column imaging detection
(CIEF-WCID) method [197] has been used for determination of the isoelectric point (pI) values of NoV
VLPs. This particular method introduces the possibility of differentiating different NoVs based on their
pI values, as long as their pI values are different [197]. However, the CIEF-WCID method requires
optimized sample preparation and extraction conditions to obtain high purity virus samples (without
sample matrix or environmental contaminants), as well as high purity reagents to avoid impurity peaks.
In addition, theoretical pI values of NoV VLPs based on the capsid sequence of VLPs were close, with
a range of 5.2 to 5.7, though experimental determinations maybe slightly different [197]. Therefore, the
application of CIEF-WCID method may have limitations for rapid detection and genotyping of NoV.
Similarly, the dynamic light scattering (DLS) technique has also been investigated for NoV detection,
however, high concentrations of purified capsids are required for the accurate determination of viruses
by this technique [198]. The mechanism of using the DLS technique for NoV detection is that DLS can
be used for detection of dispersed or aggregated viruses, as well as viral capsid proteins and dimers
with the condition that the identity and purity of the analyte are known [198]. Virus aggregation is a
sign of loss of capsid integrity due to the easy aggregation of disrupted capsids [198].
7. Future Perspective
Over the past 50 years, the methods for HuNoV detection have undergone dramatic improvements.
Significant advances in the epidemiology, surveillance and diagnostics of HuNoVs have propagated its
awareness and detection. However, challenges remain in currently available detection methods. First,
the lack of broadly reactive ligands to be used for the detection of all HuNoV strains has hampered the
development of a universal ligand-based method for HuNoV detection. Second, the limit of detection
for HuNoV in these methods is still high. Further improvement is needed in the sensitivity for better
application in real world situations. Third, several methods (i.e., PCR and ELISA) take hours in its
detection of HuNoV, while others currently under development (e.g., biosensor methods) have yet
to be applied to real world applications, though the detection could be achieved rapidly. Another
major challenge is the ability to effectively concentrate a small number of viruses from large, complex
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food and environmental samples. Furthermore, methods still need to be developed for the real time
detection of HuNoV, especially those that can differentiate infectious from non-infectious viruses and
those capable of rapid subtyping.
Although currently no perfect real-time methods are available for detecting and subtyping
infectious HuNoVs, the technology is evolving and has already introduced a number of new techniques
into the field. Biosensor and microarray-based methods have especially shed light on the possible
development of rapid and highly sensitive detection assays, as well as the differentiation of infectious
and non-infectious viruses. However, more work is needed to improve sample preparation/removal
of inhibitors, identification of strong but broadly reactive ligands, discrimination of infectious virus
particles from noninfectious, and techniques for both rapidly detecting and subtyping virus portably.
Over the course of half of a century an astounding amount of progress has been made in analytical and
detection techniques for noroviruses, however challenges remain and more research is needed.
Author Contributions: Conceptualization, L.L.; methodology, L.L.; investigation, L.L.; writing—original draft
preparation, L.L.; writing—review and editing, L.L. and M.D.M.; funding acquisition, M.D.M. All authors have
read and agreed to the published version of the manuscript.
Funding: This work has been funded in part by the University of Massachusetts, Amherst.
Acknowledgments: The authors want to thank Yiping Zhao (Department of Physics and Astronomy, The
University of Georgia) for his motivation in writing the review paper and his general advice in drafting the outline.
Appreciation is also given to Jennifer Cannon (Center for Food Safety, The University of Georgia) for her guidance
and advice.
Conflicts of Interest: The authors declare no known conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.

8.
9.

10.

11.
12.
13.

Hall, A.J. Noroviruses: The perfect human pathogens? J. Infect. Dis. 2012, 205, 1622–1624. [CrossRef]
[PubMed]
Scharff, R.L. Economic burden from health losses due to foodborne illness in the United States. J. Food Prot.
2012, 75, 123–131. [CrossRef] [PubMed]
Rönnqvist, M.; Maunula, L. Noroviruses on surfaces: Detection, persistence, disinfection and role in
environmental transmission. Future Virol. 2016, 11, 207–217. [CrossRef]
Atmar, R.L. Noroviruses: State of the art. Food Environ. Virol. 2010, 2, 117–126. [CrossRef]
Richards, G.P.; Watson, M.A.; Meade, G.K.; Hovan, G.L.; Kingsley, D.H. Resilience of norovirus GII. 4 to
freezing and thawing: Implications for virus infectivity. Food Environ. Virol. 2012, 4, 192–197. [CrossRef]
Lawley, R.; Curtis, L.; Davis, J. The Food Safety Hazard Guidebook, 2nd ed.; Royal Society of Chemistry:
Cambridge, UK, 2012; pp. 148–149.
Seitz, S.R.; Leon, J.S.; Schwab, K.J.; Lyon, G.M.; Dowd, M.; McDaniels, M.; Abdulhafid, G.; Fernandez, M.L.;
Lindesmith, L.C.; Baric, R.S. Norovirus infectivity in humans and persistence in water. Appl. Environ.
Microbiol. 2011, 77, 6884–6888. [CrossRef]
D'Souza, D.H.; Sair, A.; Williams, K.; Papafragkou, E.; Jean, J.; Moore, C.; Jaykus, L. Persistence of caliciviruses
on environmental surfaces and their transfer to food. Int. J. Food Microbiol. 2006, 108, 84–91. [CrossRef]
Lamhoujeb, S.; Fliss, I.; Ngazoa, S.E.; Jean, J. Evaluation of the persistence of infectious human noroviruses
on food surfaces by using real-time nucleic acid sequence-based amplification. Appl. Environ. Microbiol.
2008, 74, 3349–3355. [CrossRef]
FAO/WHO (Food and Agriculture Organization of the United Nations/World Health Organization). Viruses
in food: Scientific advice to support risk management activities. In Microbiological Risk Assessment Series No.
14; FAO/WHO: Rome, Italy, 2008; p. 151.
Vinjé, J. Advances in laboratory methods for detection and typing of norovirus. J. Clin. Microbiol. 2015, 53,
373–381. [CrossRef]
Moore, M.D.; Goulter, R.M.; Jaykus, L.-A. Human norovirus as a foodborne pathogen: Challenges and
developments. Annu. Rev. Food Sci. Technol. 2015, 6, 411–433. [CrossRef]
Zheng, D.P.; Ando, T.; Fankhauser, R.L.; Beard, R.S.; Glass, R.I.; Monroe, S.S. Norovirus classification and
proposed strain nomenclature. Virology 2006, 346, 312–323. [CrossRef] [PubMed]

Foods 2020, 9, 318

14.
15.
16.

17.
18.

19.
20.

21.

22.

23.
24.
25.
26.
27.
28.

29.

30.
31.
32.

33.

34.
35.

28 of 37

Karst, S.M. Pathogenesis of noroviruses, emerging RNA viruses. Viruses 2010, 2, 748–781. [CrossRef]
[PubMed]
Debbink, K.; Lindesmith, L.C.; Baric, R.S. The state of norovirus vaccines. Clin. Infect. Dis. 2014, 58,
1746–1752. [CrossRef] [PubMed]
Kou, B.; Crawford, S.E.; Ajami, N.J.; Czako, R.; Neill, F.H.; Tanaka, T.N.; Kitamoto, N.; Palzkill, T.G.;
Estes, M.K.; Atmar, R.L. Characterization of cross-reactive norovirus-specific monoclonal antibodies. Clin.
Vaccine Immunol. 2015, 22, 160–167. [CrossRef] [PubMed]
Chames, P.; Van Regenmortel, M.; Weiss, E.; Baty, D. Therapeutic antibodies: Successes, limitations and
hopes for the future. Br. J. Pharmacol. 2009, 157, 220–233. [CrossRef] [PubMed]
Escudero-Abarca, B.I.; Suh, S.H.; Moore, M.D.; Dwivedi, H.P.; Jaykus, L.-A. Selection, characterization and
application of nucleic acid aptamers for the capture and detection of human norovirus strains. PLoS ONE
2014, 9, e106805. [CrossRef]
Lakhin, A.; Tarantul, V.; Gening, L. Aptamers: Problems, solutions and prospects. Acta Nat. 2013, 5, 34–43.
[CrossRef]
Marionneau, S.; Cailleau-Thomas, A.; Rocher, J.; Le Moullac-Vaidye, B.; Ruvoën, N.; Clément, M.; Le Pendu, J.
ABH and Lewis histo-blood group antigens, a model for the meaning of oligosaccharide diversity in the face
of a changing world. Biochimie 2001, 83, 565–573. [CrossRef]
Tian, P.; Engelbrektson, A.; Mandrell, R. Two-log increase in sensitivity for detection of norovirus in complex
samples by concentration with porcine gastric mucin conjugated to magnetic beads. Appl. Environ. Microbiol.
2008, 74, 4271–4276. [CrossRef]
Kimoto-Nira, H.; Yamasaki, S.; Sasaki, K.; Moriya, N.; Takenaka, A.; Suzuki, C. New lactic acid bacterial
strains from traditional Mongolian fermented milk products have altered adhesion to porcine gastric mucin
depending on the carbon source. Anim. Sci. J. 2015, 86, 325–332. [CrossRef]
Tan, M.; Jiang, X. Histo-blood group antigens: A common niche for norovirus and rotavirus. Expert Rev. Mol.
Med. 2014, 16, e5. [CrossRef] [PubMed]
Shirato, H. Norovirus and histo-blood group antigens. Jpn. J. Infect. Dis. 2011, 64, 95–103. [PubMed]
Han, L.; Kitov, P.I.; Kitova, E.N.; Tan, M.; Wang, L.; Xia, M.; Jiang, X.; Klassen, J.S. Affinities of recombinant
norovirus P dimers for human blood group antigens. Glycobiology 2013, 23, 276–285. [CrossRef] [PubMed]
Tian, P.; Bates, A.H.; Jensen, H.M.; Mandrell, R. Norovirus binds to blood group A-like antigens in oyster
gastrointestinal cells. Lett. Appl. Microbiol. 2006, 43, 645–651. [CrossRef]
Harrington, P.R.; Vinjé, J.; Moe, C.L.; Baric, R.S. Norovirus capture with histo-blood group antigens reveals
novel virus-ligand interactions. J. Virol. 2004, 78, 3035–3045. [CrossRef]
Huang, P.; Farkas, T.; Zhong, W.; Tan, M.; Thornton, S.; Morrow, A.L.; Jiang, X. Norovirus and histo-blood
group antigens: Demonstration of a wide spectrum of strain specificities and classification of two major
binding groups among multiple binding patterns. J. Virol. 2005, 79, 6714–6722. [CrossRef]
Tan, M.; Xia, M.; Chen, Y.; Bu, W.; Hegde, R.S.; Meller, J.; Li, X.; Jiang, X. Conservation of carbohydrate
binding interfaces—Evidence of human HBGA selection in norovirus evolution. PLoS ONE 2009, 4, e5058.
[CrossRef]
Tan, M.; Jiang, X. Norovirus and its histo-blood group antigen receptors: An answer to a historical puzzle.
Trends Microbiol. 2005, 13, 285–293. [CrossRef]
Singh, B.K.; Leuthold, M.M.; Hansman, G.S. Human noroviruses’ fondness for histo-blood group antigens. J.
Virol. 2015, 89, 2024–2040. [CrossRef]
Jones, M.K.; Watanabe, M.; Zhu, S.; Graves, C.L.; Keyes, L.R.; Grau, K.R.; Gonzalez-Hernandez, M.B.;
Iovine, N.M.; Wobus, C.E.; Vinjé, J.; et al. Enteric bacteria promote human and mouse norovirus infection of
B cells. Science 2014, 346, 755–759. [CrossRef]
Miura, T.; Sano, D.; Suenaga, A.; Yoshimura, T.; Fuzawa, M.; Nakagomi, T.; Nakagomi, O.; Okabe, S.
Histo-blood group antigen-like substances of human enteric bacteria as specific adsorbents for human
noroviruses. J. Virol. 2013, 87, 9441–9451. [CrossRef] [PubMed]
Almand, E.A.; Moore, M.D.; Jaykus, L.-A. Characterization of human norovirus binding to gut-associated
bacterial ligands. BMC Res. Notes 2019, 12, 1–6. [CrossRef] [PubMed]
Shirato, H.; Ogawa, S.; Ito, H.; Sato, T.; Kameyama, A.; Narimatsu, H.; Xiaofan, Z.; Miyamura, T.; Wakita, T.;
Ishii, K. Noroviruses distinguish between type 1 and type 2 histo-blood group antigens for binding. J. Virol.
2008, 82, 10756–10767. [CrossRef]

Foods 2020, 9, 318

36.
37.

38.

39.

40.

41.

42.
43.
44.

45.
46.
47.
48.

49.

50.

51.
52.
53.

54.

55.

29 of 37

Abdulhalim, I.; Zourob, M.; Lakhtakia, A. Surface plasmon resonance for biosensing: A mini-review.
Electromagnetics 2008, 28, 214–242. [CrossRef]
Huang, P.; Xia, M.; Tan, M.; Zhong, W.; Wei, C.; Wang, L.; Morrow, A.; Jiang, X. Spike protein VP8* of human
rotavirus recognizes histo-blood group antigens in a type-specific manner. J. Virol. 2012, 86, 4833–4843.
[CrossRef] [PubMed]
Nasir, W. Studies on Interactions of Norovirus Capsid Protein with Fucosylated Glycans and
Galactosylceramide as Soluble and Membrane Bound Ligands. Ph.D. Thesis, University of Gothenburg,
Gothenburg, Sweden, 2014.
Rydell, G.E.; Dahlin, A.B.; Hook, F.; Larson, G. QCM-D studies of human norovirus VLPs binding to
glycosphingolipids in supported lipid bilayers reveal strain-specific characteristics. Glycobiology 2009, 19,
1176–1184. [CrossRef]
Nilsson, J.; Rydell, G.E.; Le Pendu, J.; Larson, G. Norwalk virus-like particles bind specifically to A, H
and difucosylated Lewis but not to B histo-blood group active glycosphingolipids. Glycoconj. J. 2009, 26,
1171–1180. [CrossRef]
Shang, J.; Piskarev, V.E.; Xia, M.; Huang, P.; Jiang, X.; Likhosherstov, L.M.; Novikova, O.S.; Newburg, D.S.;
Ratner, D.M. Identifying human milk glycans that inhibit norovirus binding using surface plasmon resonance.
Glycobiology 2013, 23, 1491–1498. [CrossRef]
Rydell, G.E.; Nilsson, J.; Rodriguez-Diaz, J.; Ruvoën-Clouet, N.; Svensson, L.; Le Pendu, J.; Larson, G. Human
noroviruses recognize sialyl Lewis x neoglycoprotein. Glycobiology 2009, 19, 309–320. [CrossRef]
Celli, J.; Gregor, B.; Turner, B.; Afdhal, N.H.; Bansil, R.; Erramilli, S. Viscoelastic properties and dynamics of
porcine gastric mucin. Biomacromolecules 2005, 6, 1329–1333. [CrossRef]
Turner, B.S.; Bhaskar, K.R.; Hadzopoulou-Cladaras, M.; LaMont, J.T. Cysteine-rich regions of pig gastric
mucin contain von Willebrand factor and cystine knot domains at the carboxyl terminal. Biochim. Biophys.
Acta Gene Struct. Expr. 1999, 1447, 77–92. [CrossRef]
Hong, Z.; Chasan, B.; Bansil, R.; Turner, B.S.; Bhaskar, K.R.; Afdhal, N.H. Atomic force microscopy reveals
aggregation of gastric mucin at low pH. Biomacromolecules 2005, 6, 3458–3466. [CrossRef] [PubMed]
Lindesmith, L.C.; Debbink, K.; Swanstrom, J.; Vinjé, J.; Costantini, V.; Baric, R.S.; Donaldson, E.F. Monoclonal
antibody-based antigenic mapping of norovirus GII. 4-2002. J. Virol. 2012, 86, 873–883. [CrossRef] [PubMed]
Tan, M.; Jiang, X. Norovirus gastroenteritis, carbohydrate receptors, and animal models. PLoS Pathog. 2010,
6, e1000983. [CrossRef]
Tian, P.; Jiang, X.; Zhong, W.; Jensen, H.M.; Brandl, M.; Bates, A.H.; Engelbrektson, A.L.; Mandrell, R. Binding
of recombinant norovirus like particle to histo-blood group antigen on cells in the lumen of pig duodenum.
Res. Vet. Sci. 2007, 83, 410–418. [CrossRef] [PubMed]
Tian, P.; Brandl, M.; Mandrell, R. Porcine gastric mucin binds to recombinant norovirus particles and
competitively inhibits their binding to histo-blood group antigens and Caco-2 cells. Lett. Appl. Microbiol.
2005, 41, 315–320. [CrossRef]
Tian, P.; Yang, D.; Jiang, X.; Zhong, W.; Cannon, J.; Burkhardt Iii, W.; Woods, J.; Hartman, G.; Lindesmith, L.;
Baric, R.S. Specificity and kinetics of norovirus binding to magnetic bead-conjugated histo-blood group
antigens. J. Appl. Microbiol. 2010, 109, 1753–1762. [CrossRef]
Wang, Y.; Ye, Z.; Ying, Y. New trends in impedimetric biosensors for the detection of foodborne pathogenic
bacteria. Sensors 2012, 12, 3449–3471. [CrossRef]
Byrne, B.; Stack, E.; Gilmartin, N.; O’Kennedy, R. Antibody-based sensors: Principles, problems and potential
for detection of pathogens and associated toxins. Sensors 2009, 9, 4407–4445. [CrossRef]
Shiota, T.; Okame, M.; Takanashi, S.; Khamrin, P.; Takagi, M.; Satou, K.; Masuoka, Y.; Yagyu, F.; Shimizu, Y.;
Kohno, H. Characterization of a broadly reactive monoclonal antibody against norovirus genogroups I and
II: Recognition of a novel conformational epitope. J. Virol. 2007, 81, 12298–12306. [CrossRef]
Kitamoto, N.; Tanaka, T.; Natori, K.; Takeda, N.; Nakata, S.; Jiang, X.; Estes, M.K. Cross-reactivity among
several recombinant calicivirus virus-like particles (VLPs) with monoclonal antibodies obtained from mice
immunized orally with one type of VLP. J. Clin. Microbiol. 2002, 40, 2459–2465. [CrossRef] [PubMed]
Crawford, S.E.; Ajami, N.; Parker, T.D.; Kitamoto, N.; Natori, K.; Takeda, N.; Tanaka, T.; Kou, B.; Atmar, R.L.;
Estes, M.K. Mapping broadly reactive Norovirus genogroup I and II monoclonal antibodies. Clin. Vaccine
Immunol. 2015, 22, 168–177. [CrossRef] [PubMed]

Foods 2020, 9, 318

56.

57.
58.

59.
60.

61.
62.
63.
64.

65.
66.
67.

68.
69.

70.
71.

72.

73.
74.

75.

76.

30 of 37

Kou, B.; Huang, W.; Neill, F.H.; Palzkill, T.; Estes, M.K.; Atmar, R.L. Norovirus Antigen Detection with a
Combination of Monoclonal and Single-Chain Antibodies. J. Clin. Microbiol. 2015, 53, 3916–3918. [CrossRef]
[PubMed]
Hurwitz, A.M.; Huang, W.; Kou, B.; Estes, M.K.; Atmar, R.L.; Palzkill, T. Identification and Characterization
of Single-Chain Antibodies that Specifically Bind GI Noroviruses. PLoS ONE 2017, 12, e0170162. [CrossRef]
Zheng, L.; Wang, W.; Liu, J.; Chen, X.; Li, S.; Wang, Q.; Huo, Y.; Qin, C.; Shen, S.; Wang, M. Characterization
of a Norovirus-specific monoclonal antibody that exhibits wide spectrum binding activities. J. Med. Virol.
2018, 90, 671–676. [CrossRef]
Cortez-Retamozo, V.; Backmann, N.; Senter, P.D.; Wernery, U.; De Baetselier, P.; Muyldermans, S.; Revets, H.
Efficient cancer therapy with a nanobody-based conjugate. Cancer Res. 2004, 64, 2853–2857. [CrossRef]
Doerflinger, S.Y.; Tabatabai, J.; Schnitzler, P.; Farah, C.; Rameil, S.; Sander, P.; Koromyslova, A.; Hansman, G.S.
Development of a Nanobody-Based Lateral Flow Immunoassay for Detection of Human Norovirus. mSphere
2016, 1, e00216–e00219. [CrossRef]
Koromyslova, A.D.; Hansman, G.S. Nanobodies targeting norovirus capsid reveal functional epitopes and
potential mechanisms of neutralization. PLoS Pathog. 2017, 13, e1006636. [CrossRef]
Koromyslova, A.D.; Hansman, G.S. Nanobody binding to a conserved epitope promotes norovirus particle
disassembly. J. Virol. 2015, 89, 2718–2730. [CrossRef]
Ma, D.; Shen, L.; Wu, K.; Diehnelt, C.W.; Green, A.A. Low-cost detection of norovirus using paper-based
cell-free systems and synbody-based viral enrichment. Synth. Biol. 2018, 3, ysy018. [CrossRef]
Gupta, N.; Lainson, J.C.; Belcher, P.E.; Shen, L.; Mason, H.S.; Johnston, S.A.; Diehnelt, C.W. Cross-reactive
synbody affinity ligands for capturing diverse noroviruses. Anal. Chem. 2017, 89, 7174–7181. [CrossRef]
[PubMed]
Wang, P.; Yang, Y.; Hong, H.; Zhang, Y.; Cai, W.; Fang, D. Aptamers as therapeutics in cardiovascular diseases.
Curr. Med. Chem. 2011, 18, 4169–4174. [CrossRef] [PubMed]
Darmostuk, M.; Rimpelova, S.; Gbelcova, H.; Ruml, T. Current approaches in SELEX: An update to aptamer
selection technology. Biotechnol. Adv. 2015, 33, 1141–1161. [CrossRef] [PubMed]
Giamberardino, A.; Labib, M.; Hassan, E.M.; Tetro, J.A.; Springthorpe, S.; Sattar, S.A.; Berezovski, M.V.;
DeRosa, M.C. Ultrasensitive norovirus detection using DNA aptasensor technology. PLoS ONE 2013, 8,
e79087. [CrossRef]
Kitajima, M.; Wang, N.; Tay, M.Q.; Miao, J.; Whittle, A.J. Development of a MEMS-based electrochemical
aptasensor for norovirus detection. Micro Nano Lett. 2016, 11, 582–585. [CrossRef]
Weerathunge, P.; Ramanathan, R.; Torok, V.A.; Hodgson, K.; Xu, Y.; Goodacre, R.; Behera, B.K.; Bansal, V.
Ultrasensitive colorimetric detection of murine norovirus using NanoZyme aptasensor. Anal. Chem. 2019,
91, 3270–3276. [CrossRef]
Weng, X.; Neethirajan, S. Aptamer-based fluorometric determination of norovirus using a paper-based
microfluidic device. Microchim. Acta 2017, 184, 4545–4552. [CrossRef]
Moore, M.D.; Escudero-Abarca, B.I.; Suh, S.H.; Jaykus, L.-A. Generation and characterization of nucleic acid
aptamers targeting the capsid P domain of a human norovirus GII. 4 strain. J. Biotechnol. 2015, 209, 41–49.
[CrossRef]
Schilling, K.B.; DeGrasse, J.; Woods, J.W. The influence of food matrices on aptamer selection by SELEX
(systematic evolution of ligands by exponential enrichment) targeting the norovirus P-Domain. Food Chem.
2018, 258, 129–136. [CrossRef]
Adler, J.L.; Zickl, R. Winter vomiting disease. J. Infect. Dis. 1969, 119, 668–673. [CrossRef]
Kapikian, A.Z.; Wyatt, R.G.; Dolin, R.; Thornhill, T.S.; Kalica, A.R.; Chanock, R.M. Visualization by immune
electron microscopy of a 27-nm particle associated with acute infectious nonbacterial gastroenteritis. J. Virol.
1972, 10, 1075–1081. [CrossRef] [PubMed]
Glass, R.I.; Noel, J.; Ando, T.; Fankhauser, R.; Belliot, G.; Mounts, A.; Parashar, U.D.; Bresee, J.S.; Monroe, S.S.
The epidemiology of enteric caliciviruses from humans: A reassessment using new diagnostics. J. Infect. Dis.
2000, 181, S254–S261. [CrossRef] [PubMed]
ITO, M.; TAGAYA, I. Immune adherence hemagglutination test as a new sensitive method for titration of
animal virus antigens and antibodies. Jpn. J. Med Sci. Biol. 1966, 19, 109–126. [CrossRef] [PubMed]

Foods 2020, 9, 318

77.

78.
79.
80.

81.

82.
83.

84.
85.
86.
87.

88.

89.

90.

91.

92.
93.

94.
95.

96.

97.

31 of 37

Kapikian, A.Z.; Greenberg, H.B.; Cline, W.L.; Kalica, A.R.; Wyatt, R.G.; James, H.D.; Lloyd, N.L.;
Chanock, R.M.; Ryder, R.W.; Kim, H.W. Prevalence of antibody to the Norwalk agent by a newly developed
immune adherence hemagglutination assay. J. Med. Virol. 1978, 2, 281–294. [CrossRef]
Lamhoujeb, S. Human Noroviruses: Characterization, Detection, and Evaluation of Their Persistence in
Foods and on Food-contact Surfaces. Ph.D. Thesis, Université Laval, Québec, Canada, 2008.
Atmar, R.L.; Estes, M.K. Diagnosis of noncultivatable gastroenteritis viruses, the human caliciviruses. Clin.
Microbiol. Rev. 2001, 14, 15–37. [CrossRef]
Atmar, R.L.; Englund, J.A. Laboratory methods for the diagnosis of viral diseases. In Viral Infections of
Humans: Epidemiology and Control, 4th ed.; Atmar, R.L., Kaslow, R.A., Eds.; Plenum Publishing Corporation:
New York, NY, USA, 1997; pp. 59–82.
Greenberg, H.B.; Wyatt, R.G.; Valdesuso, J.; Kalica, A.R.; London, W.T.; Chanock, R.M.; Kapikian, A.Z.
Solid-phase microtiter radioimmunoassay for detection of the Norwalk strain of acute nonbacterial, epidemic
gastroenteritis virus and its antibodies. J. Med. Virol. 1978, 2, 97–108. [CrossRef]
O’Farrell, B. Evolution in lateral flow–Based immunoassay systems. In Lateral Flow Immunoassay; Wong, R.,
Tse, H., Eds.; Humana Press: New York, NY, USA, 2009; pp. 1–33.
Rackoff, L.A.; Bok, K.; Green, K.Y.; Kapikian, A.Z. Epidemiology and evolution of rotaviruses and noroviruses
from an archival WHO Global Study in Children (1976–79) with implications for vaccine design. PLoS ONE
2013, 8, e59394. [CrossRef]
Jiang, X.; Wang, M.; Graham, D.Y.; Estes, M.K. Expression, self-assembly, and antigenicity of the Norwalk
virus capsid protein. J. Virol. 1992, 66, 6527–6532. [CrossRef]
Okhuysen, P.C.; Jiang, X.; Ye, L.; Johnson, P.C.; Estes, M.K. Viral shedding and fecal IgA response after
Norwalk virus infection. J. Infect. Dis. 1995, 171, 566–569. [CrossRef]
Robilotti, E.; Deresinski, S.; Pinsky, B.A. Norovirus. Clin. Microbiol. Rev. 2015, 28, 134–164. [CrossRef]
Kirby, A.; Gurgel, R.Q.; Dove, W.; Vieira, S.C.F.; Cunliffe, N.A.; Cuevas, L.E. An evaluation of the
RIDASCREEN and IDEIA enzyme immunoassays and the RIDAQUICK immunochromatographic test for
the detection of norovirus in faecal specimens. J. Clin. Virol. 2010, 49, 254–257. [CrossRef] [PubMed]
Morillo, S.G.; Luchs, A.; Cilli, A.; Ribeiro, C.D.; Calux, S.J.; Carmona, R.C.C.; Timenetsky, M.C.S.T. Norovirus
3rd generation kit: An improvement for rapid diagnosis of sporadic gastroenteritis cases and valuable for
outbreak detection. J. Virol. Methods 2011, 173, 13–16. [CrossRef] [PubMed]
Sakamaki, N.; Ohiro, Y.; Ito, M.; Makinodan, M.; Ohta, T.; Suzuki, W.; Takayasu, S.; Tsuge, H. Bioluminescent
enzyme immunoassay for the detection of norovirus capsid antigen. Clin. Vaccine Immunol. 2012, 19,
1949–1954. [CrossRef] [PubMed]
Shigemoto, N.; Tanizawa, Y.; Matsuo, T.; Sakamaki, N.; Ohiro, Y.; Takayasu, S.; Fukuda, S. Clinical evaluation
of a bioluminescent enzyme immunoassay for detecting norovirus in fecal specimens from patients with
acute gastroenteritis. J. Med. Virol. 2014, 86, 1219–1225. [CrossRef]
Suzuki, W.; Ohiro, Y.; Tsukagoshi, H.; Kimura, H. Evaluation of Norovirus Detection Method Based on
a Newly Developed Bioluminescent Enzyme Immunoassay (BLEIA) System. Kansenshogaku Zasshi J. Jpn.
Assoc. Infect. Dis. 2015, 89, 230–236. [CrossRef] [PubMed]
Ambert-Balay, K.; Pothier, P. Evaluation of 4 immunochromatographic tests for rapid detection of norovirus
in faecal samples. J. Clin. Virol. 2013, 56, 278–282. [CrossRef]
Hagström, A.E.; Garvey, G.; Paterson, A.S.; Dhamane, S.; Adhikari, M.; Estes, M.K.; Strych, U.; Kourentzi, K.;
Atmar, R.L.; Willson, R.C. Sensitive detection of norovirus using phage nanoparticle reporters in lateral-flow
assay. PLoS ONE 2015, 10, e0126571. [CrossRef]
Cichocki, M. HIV prevention and testing. In Living with HIV: A Patient’s Guide, 2nd ed.; Cichocki, M., Ed.;
McFarland & Company Inc.: Jefferson, NC, USA, 2017.
Tamminen, K.; Huhti, L.; Koho, T.; Lappalainen, S.; Hytönen, V.P.; Vesikari, T.; Blazevic, V. A comparison
of immunogenicity of norovirus GII-4 virus-like particles and P-particles. Immunology 2012, 135, 89–99.
[CrossRef]
Hayashi, Y.; Ando, T.; Utagawa, E.; Sekine, S.; Okada, S.; Yabuuchi, K.; Miki, T.; Ohashi, M. Western blot
(immunoblot) assay of small, round-structured virus associated with an acute gastroenteritis outbreak in
Tokyo. J. Clin. Microbiol. 1989, 27, 1728–1733. [CrossRef]
Jiang, X.; Graham, D.Y.; Wang, K.; Estes, M.K. Norwalk virus genome cloning and characterization. Science
1990, 250, 1580–1583.

Foods 2020, 9, 318

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.
112.
113.
114.
115.
116.
117.

32 of 37

Anonymous. Microbiology of Food and Animal Feed—Horizontal Method for Determination of Hepatitis A Virus
and Norovirus in Food Using Real-Time RT-PCR—Part 1: Method for Quantification; ISO/TS 15216-1:2017;
International Organization for Standardization (ISO): Geneva, Switzerland, 2017.
Anonymous. Microbiology of the Food Chain—Horizontal Method for Determination of Hepatitis A Virus and
Norovirus Using Real-Time RT-PCR—Part 2: Method for Detection; ISO 15216-2:2019; International Organization
for Standardization (ISO): Geneva, Switzerland, 2019.
Alexander, T.A. Development of methodology based on commercialized SERS-active substrates for rapid
discrimination of Poxviridae virions. Anal. Chem. 2008, 80, 2817–2825. [CrossRef] [PubMed]
Farkas, T.; Singh, A.; Le Guyader, F.S.; La Rosa, G.; Saif, L.; McNeal, M. Multiplex real-time RT-PCR for
the simultaneous detection and quantification of GI, GII and GIV noroviruses. J. Virol. Methods 2015, 223,
109–114. [CrossRef] [PubMed]
Stals, A.; Baert, L.; Botteldoorn, N.; Werbrouck, H.; Herman, L.; Uyttendaele, M.; Van Coillie, E. Multiplex
real-time RT-PCR for simultaneous detection of GI/GII noroviruses and murine norovirus 1. J. Virol. Methods
2009, 161, 247–253. [CrossRef] [PubMed]
Jiang, Y.; Fang, L.; Shi, X.; Zhang, H.; Li, Y.; Lin, Y.; Qiu, Y.; Chen, Q.; Li, H.; Zhou, L. Simultaneous detection
of five enteric viruses associated with gastroenteritis by use of a PCR assay: A single real-time multiplex
reaction and its clinical application. J. Clin. Microbiol. 2014, 52, 1266–1268. [CrossRef]
Claas, E.C.; Mazzulli, T.; Topin, F. Performance of the xTAGR Gastrointestinal Pathogen Panel, a Multiplex
Molecular Assay for Simultaneous Detection of Bacterial, Viral, and Parasitic Causes of Infectious
Gastroenteritis. J. Microbiol. Biotechnol. 2013, 23, 1041–1045. [CrossRef]
Pang, X. Detection and laboratory diagnosis of noroviruses. In The Norovirus: Features, Detection, and
Prevention of Foodborne Disease; Chan, P.K.S., Kwan, H.S., Chan, M.C.W., Eds.; Academic Press: Cambridge,
MA, USA, 2017; pp. 109–129.
Moore, C.; Clark, E.; Gallimore, C.; Corden, S.; Gray, J.; Westmoreland, D. Evaluation of a broadly reactive
nucleic acid sequence based amplification assay for the detection of noroviruses in faecal material. J. Clin.
Virol. 2004, 29, 290–296. [CrossRef]
Fukuda, S.; Sasaki, Y.; Kuwayama, M.; Miyazaki, K. Simultaneous Detection and Genogroup-Screening Test for
Norovirus Genogroups I and II from Fecal Specimens in Single Tube by Reverse Transcription-Loop-Mediated
Isothermal Amplification Assay. Microbiol. Immunol. 2007, 51, 547–550. [CrossRef]
Moore, M.D.; Jaykus, L.-A. Development of a recombinase polymerase amplification assay for detection of
epidemic human noroviruses. Sci. Rep. 2017, 7, 40244. [CrossRef]
Jeon, S.B.; Seo, D.J.; Oh, H.; Kingsley, D.H.; Choi, C. Development of one-step reverse transcription
loop-mediated isothermal amplification for norovirus detection in oysters. Food Control 2017, 73, 1002–1009.
[CrossRef]
Luo, J.; Xu, Z.; Nie, K.; Ding, X.; Guan, L.; Wang, J.; Xian, Y.; Wu, X.; Ma, X. Visual detection of norovirus
genogroup ii by reverse transcription loop-mediated isothermal amplification with hydroxynaphthol blue
dye. Food Environ. Virol. 2014, 6, 196–201. [CrossRef]
Manuel, C.S.; Moore, M.D.; Jaykus, L.-A. Predicting human norovirus infectivity-Recent advances and
continued challenges. Food Microbiol. 2018, 76, 337–345. [CrossRef] [PubMed]
Knight, A.; Li, D.; Uyttendaele, M.; Jaykus, L.-A. A critical review of methods for detecting human noroviruses
and predicting their infectivity. Crit. Rev. Microbiol. 2013, 39, 295–309. [CrossRef] [PubMed]
Kostela, J.; Ayers, M.; Nishikawa, J.; McIntyre, L.; Petric, M.; Tellier, R. Amplification by long RT-PCR of near
full-length norovirus genomes. J. Virol. Methods 2008, 149, 226–230. [CrossRef] [PubMed]
Seo, K.; Lee, J.E.; Lim, M.Y.; Ko, G. Effect of temperature, pH, and NaCl on the inactivation kinetics of murine
norovirus. J. Food Prot. 2012, 75, 533–540. [CrossRef]
Sánchez, G.; Elizaquível, P.; Aznar, R. Discrimination of infectious hepatitis A viruses by propidium
monoazide real-time RT-PCR. Food Environ. Virol. 2012, 4, 21–25. [CrossRef]
Kim, S.; Ko, G. Using propidium monoazide to distinguish between viable and nonviable bacteria, MS2 and
murine norovirus. Lett. Appl. Microbiol. 2012, 55, 182–188. [CrossRef]
Randazzo, W.; López-Gálvez, F.; Allende, A.; Aznar, R.; Sánchez, G. Evaluation of viability PCR performance
for assessing norovirus infectivity in fresh-cut vegetables and irrigation water. Int. J. Food Microbiol. 2016,
229, 1–6. [CrossRef]

Foods 2020, 9, 318

33 of 37

118. Aboubakr, H.A.; Parra, F.S.; Collins, J.; Bruggeman, P.; Goyal, S.M. Ìn situ inactivation of human norovirus
GII. 4 by cold plasma: Ethidium monoazide (EMA)-coupled RT-qPCR underestimates virus reduction and
fecal material suppresses inactivation. Food Microbiol. 2020, 85, 103307. [CrossRef]
119. Moore, M.D.; Bobay, B.G.; Mertens, B.; Jaykus, L.-A. Human norovirus aptamer exhibits high degree of
target conformation-dependent binding similar to that of receptors and discriminates particle functionality.
Msphere 2016, 1, e00216–e00298. [CrossRef]
120. Nuanualsuwan, S.; Cliver, D.O. Pretreatment to avoid positive RT-PCR results with inactivated viruses. J.
Virol. Methods 2002, 104, 217–225. [CrossRef]
121. Yang, Y.; Griffiths, M.W. Enzyme treatment reverse transcription-PCR to differentiate infectious and
inactivated F-specific RNA phages. Appl. Environ. Microbiol. 2014, 80, 3334–3340. [CrossRef]
122. Cannon, J.L.; Vinjé, J. Histo-blood group antigen assay for detecting noroviruses in water. Appl. Environ.
Microbiol. 2008, 74, 6818–6819. [CrossRef] [PubMed]
123. Dancho, B.A.; Chen, H.; Kingsley, D.H. Discrimination between infectious and non-infectious human
norovirus using porcine gastric mucin. Int. J. Food Microbiol. 2012, 155, 222–226. [CrossRef] [PubMed]
124. Afolayan, O.T.; Webb, C.C.; Cannon, J.L. Evaluation of a Porcine Gastric Mucin and RNase A Assay for the
Discrimination of Infectious and Non-infectious GI. 1 and GII. 4 Norovirus Following Thermal, Ethanol,
or Levulinic Acid Plus Sodium Dodecyl Sulfate Treatments. Food Environ. Virol. 2016, 8, 70–78. [CrossRef]
[PubMed]
125. Li, X.; Chen, H. Evaluation of the porcine gastric mucin binding assay for high-pressure-inactivation studies
using murine norovirus and tulane virus. Appl. Environ. Microbiol. 2015, 81, 515–521. [CrossRef] [PubMed]
126. Park, Y.; Cho, Y.-H.; Jee, Y.; Ko, G. Immunomagnetic separation combined with real-time reverse transcriptase
PCR assays for detection of norovirus in contaminated food. Appl. Environ. Microbiol. 2008, 74, 4226–4230.
[CrossRef] [PubMed]
127. Tung, G.; Macinga, D.; Arbogast, J.; Jaykus, L.A. Efficacy of commonly used disinfectants for inactivation of
human noroviruses and its surrogates. J. Food Prot. 2010, 76, 1210–1217. [CrossRef]
128. Saylan, Y.; Erdem, Ö.; Ünal, S.; Denizli, A. An alternative medical diagnosis method: Biosensors for virus
detection. Biosensors 2019, 9, 65. [CrossRef]
129. Driskell, J.D.; Kwarta, K.M.; Lipert, R.J.; Porter, M.D.; Neill, J.D.; Ridpath, J.F. Low-level detection of viral
pathogens by a surface-enhanced Raman scattering based immunoassay. Anal. Chem. 2005, 77, 6147–6154.
[CrossRef]
130. Fan, C.; Hu, Z.; Riley, L.K.; Purdy, G.A.; Mustapha, A.; Lin, M. Detecting Food-and Waterborne Viruses by
Surface-Enhanced Raman Spectroscopy. J. Food Sci. 2010, 75, M302–M307. [CrossRef]
131. Zhang, Z.; Li, S.; Tian, Z.; Li, J.; Chuanxian, W. Immunochromatographic detection method of norovirus
Raman microprobe labeling. CN105759028A, 13 July 2016.
132. Takemura, K.; Adegoke, O.; Takahashi, N.; Kato, T.; Li, T.-C.; Kitamoto, N.; Tanaka, T.; Suzuki, T.;
Park, E.Y. Versatility of a localized surface plasmon resonance-based gold nanoparticle-alloyed quantum
dot nanobiosensor for immunofluorescence detection of viruses. Biosens. Bioelectron. 2017, 89, 998–1005.
[CrossRef] [PubMed]
133. Nasrin, F.; Chowdhury, A.D.; Takemura, K.; Lee, J.; Adegoke, O.; Deo, V.K.; Abe, F.; Suzuki, T.; Park, E.Y.
Single-step detection of norovirus tuning localized surface plasmon resonance-induced optical signal between
gold nanoparticles and quantum dots. Biosens. Bioelectron. 2018, 122, 16–24. [CrossRef] [PubMed]
134. Heo, N.S.; Oh, S.Y.; Ryu, M.Y.; Baek, S.H.; Park, T.J.; Choi, C.; Huh, Y.S.; Park, J.P. Affinity peptide-guided
plasmonic biosensor for detection of noroviral protein and human norovirus. Biosens. Bioelectron. Eng. 2019,
24, 318–325. [CrossRef]
135. Takemura, K.; Lee, J.; Suzuki, T.; Hara, T.; Abe, F.; Park, E.Y. Ultrasensitive detection of norovirus
using a magnetofluoroimmunoassay based on synergic properties of gold/magnetic nanoparticle hybrid
nanocomposites and quantum dots. Sens. Actuators B Chem. 2019, 296, 126672. [CrossRef]
136. Yakes, B.J.; Papafragkou, E.; Conrad, S.M.; Neill, J.D.; Ridpath, J.F.; Burkhardt, W., 3rd; Kulka, M.; Degrasse, S.L.
Surface plasmon resonance biosensor for detection of feline calicivirus, a surrogate for norovirus. Int. J. Food
Microbiol. 2013, 162, 152–158. [CrossRef]
137. Kim, D.; Lee, H.-M.; Oh, K.-S.; Ki, A.Y.; Protzman, R.A.; Kim, D.; Choi, J.-S.; Kim, M.J.; Kim, S.H.; Vaidya, B.
Exploration of the metal coordination region of concanavalin A for its interaction with human norovirus.
Biomaterials 2017, 128, 33–43. [CrossRef]

Foods 2020, 9, 318

34 of 37

138. Ashiba, H.; Sugiyama, Y.; Wang, X.; Shirato, H.; Higo-Moriguchi, K.; Taniguchi, K.; Ohki, Y.; Fujimaki, M.
Detection of norovirus virus-like particles using a surface plasmon resonance-assisted fluoroimmunosensor
optimized for quantum dot fluorescent labels. Biosens. Bioelectron. 2017, 93, 260–266. [CrossRef]
139. Han, Z.; Chen, L.; Weng, Q.; Zhou, Y.; Wang, L.; Li, C.; Chen, J. Silica-coated gold nanorod@ CdSeTe ternary
quantum dots core/shell structure for fluorescence detection and dual-modal imaging. Sens. Actuators B
Chem. 2018, 258, 508–516. [CrossRef]
140. Bally, M.; Graule, M.; Parra, F.; Larson, G.; Höök, F. A virus biosensor with single virus-particle sensitivity
based on fluorescent vesicle labels and equilibrium fluctuation analysis. Biointerphases 2013, 8, 4. [CrossRef]
141. Connelly, J.T.; Kondapalli, S.; Skoupi, M.; Parker, J.S.; Kirby, B.J.; Baeumner, A.J. Micro-total analysis system
for virus detection: Microfluidic pre-concentration coupled to liposome-based detection. Anal. Bioanal. Chem.
2012, 402, 315–323. [CrossRef]
142. Zhao, Z.; Zhang, J.; Xu, M.-L.; Liu, Z.-P.; Wang, H.; Liu, M.; Yu, Y.-Y.; Sun, L.; Zhang, H.; Wu, H.-Y. A rapidly
new-typed detection of norovirus based on F0F1-ATPase molecular motor biosensor. Biotechnol. Bioprocess
Eng. 2016, 21, 128–133. [CrossRef]
143. Kim, B.; Chung, K.W.; Lee, J.H. Non-stop aptasensor capable of rapidly monitoring norovirus in a sample. J.
Pharm. Biomed. Anal. 2018, 152, 315–321. [CrossRef]
144. Auer, S.; Azizi, L.; Faschinger, F.; Blazevic, V.; Vesikari, T.; Gruber, H.J.; Hytönen, V.P. Stable immobilisation
of His-tagged proteins on BLI biosensor surface using cobalt. Sens. Actuators B Chem. 2017, 243, 104–113.
[CrossRef]
145. Auer, S.; Koho, T.; Uusi-Kerttula, H.; Vesikari, T.; Blazevic, V.; Hytönen, V.P. Rapid and sensitive detection
of norovirus antibodies in human serum with a biolayer interferometry biosensor. Sens. Actuators B Chem.
2015, 221, 507–514. [CrossRef]
146. Dong, X.; Broglie, J.; Tang, Y.; Yang, L. Evaluation of Bio-Layer Interferometric Biosensors for Label-Free
Rapid Detection of Norovirus Using Virus like Particles. J. Anal. Bioanal. Tech. 2016, 7, 2. [CrossRef]
147. Chakkarapani, S.K.; Sun, Y.; Kang, S.H. Ultrasensitive norovirus nanoimmunosensor based on concurrent
axial super-localization of ellipsoidal point spread function by 3D light sheet microscopy. Sens. Actuators B
Chem. 2019, 284, 81–90. [CrossRef]
148. Adegoke, O.; Seo, M.-W.; Kato, T.; Kawahito, S.; Park, E.Y. An ultrasensitive SiO2-encapsulated alloyed
CdZnSeS quantum dot-molecular beacon nanobiosensor for norovirus. Biosens. Bioelectron. 2016, 86, 135–142.
[CrossRef]
149. Yasuura, M.; Fujimaki, M. Detection of extremely low concentrations of biological substances using near-field
illumination. Sci. Rep. 2016, 6, 1–7. [CrossRef]
150. Kim, J.H.; Park, J.E.; Lin, M.; Kim, S.; Kim, G.H.; Park, S.; Ko, G.; Nam, J.M. Sensitive, Quantitative Naked-Eye
Biodetection with Polyhedral Cu Nanoshells. Adv. Mater. 2017, 29, 1702945. [CrossRef]
151. Khoris, I.M.; Takemura, K.; Lee, J.; Hara, T.; Abe, F.; Suzuki, T.; Park, E.Y. Enhanced colorimetric detection of
norovirus using in-situ growth of Ag shell on Au NPs. Biosens. Bioelectron. 2019, 126, 425–432. [CrossRef]
152. Chand, R.; Neethirajan, S. Microfluidic platform integrated with graphene-gold nano-composite aptasensor
for one-step detection of norovirus. Biosens. Bioelectron. 2017, 98, 47–53. [CrossRef] [PubMed]
153. Lee, J.; Morita, M.; Takemura, K.; Park, E.Y. A multi-functional gold/iron-oxide nanoparticle-CNT hybrid
nanomaterial as virus DNA sensing platform. Biosens. Bioelectron. 2018, 102, 425–431. [CrossRef] [PubMed]
154. Lee, J.; Takemura, K.; Kato, C.N.; Suzuki, T.; Park, E.Y. Binary nanoparticle graphene hybrid structure-based
highly sensitive biosensing platform for norovirus-like particle detection. ACS Appl. Mater. Interfaces 2017, 9,
27298–27304. [CrossRef] [PubMed]
155. Hwang, H.J.; Ryu, M.Y.; Park, C.Y.; Ahn, J.; Park, H.G.; Choi, C.; Ha, S.-D.; Park, T.J.; Park, J.P. High sensitive
and selective electrochemical biosensor: Label-free detection of human norovirus using affinity peptide as
molecular binder. Biosens. Bioelectron. 2017, 87, 164–170. [CrossRef] [PubMed]
156. Nakano, M.; Hisajima, T.; Mao, L.; Suehiro, J. Electrical detection of norovirus capsid using dielectrophoretic
impedance measurement method. In Proceedings of the Sensors, Taipei, Taiwan, 28–31 October 2012; pp. 1–4.
157. Hong, S.A.; Kwon, J.; Kim, D.; Yang, S. A rapid, sensitive and selective electrochemical biosensor with
concanavalin A for the preemptive detection of norovirus. Biosens. Bioelectron. 2015, 64, 338–344. [CrossRef]
[PubMed]

Foods 2020, 9, 318

35 of 37

158. Baek, S.H.; Kim, M.W.; Park, C.Y.; Choi, C.-S.; Kailasa, S.K.; Park, J.P.; Park, T.J. Development of a rapid and
sensitive electrochemical biosensor for detection of human norovirus via novel specific binding peptides.
Biosens. Bioelectron. 2019, 123, 223–229. [CrossRef]
159. Xiang, L.; Wang, Z.; Liu, Z.; Weigum, S.E.; Yu, Q.; Chen, M.Y. Inkjet-printed flexible biosensor based on
graphene field effect transistor. IEEE Sens. J. 2016, 16, 8359–8364. [CrossRef]
160. Han, Z.; Weng, Q.; Lin, C.; Yi, J.; Kang, J. Development of CdSe–ZnO Flower-Rod Core-Shell Structure Based
Photoelectrochemical Biosensor for Detection of Norovirous RNA. Sensors 2018, 18, 2980. [CrossRef]
161. Velusamy, V.; Arshak, K.; Korostynska, O.; Oliwa, K.; Adley, C. An overview of foodborne pathogen detection:
In the perspective of biosensors. Biotechnol. Adv. 2010, 28, 232–254. [CrossRef]
162. Arora, P.; Sindhu, A.; Kaur, H.; Dilbaghi, N.; Chaudhury, A. An overview of transducers as platform for the
rapid detection of foodborne pathogens. Appl. Microbiol. Biotechnol. 2013, 97, 1829–1840. [CrossRef]
163. Driskell, J.D.; Zhu, Y.; Kirkwood, C.D.; Zhao, Y.; Dluhy, R.A.; Tripp, R.A. Rapid and sensitive detection of
rotavirus molecular signatures using surface enhanced Raman spectroscopy. PLoS ONE 2010, 5, e10222.
[CrossRef] [PubMed]
164. Shanmukh, S.; Jones, L.; Driskell, J.; Zhao, Y.; Dluhy, R.; Tripp, R.A. Rapid and sensitive detection of
respiratory virus molecular signatures using a silver nanorod array SERS substrate. Nano Lett. 2006, 6,
2630–2636. [CrossRef] [PubMed]
165. Mattison, K.; Corneau, N.; Berg, I.; Bosch, A.; Duizer, E.; Gutiérrez-Aguirre, I.; L’Homme, Y.; Lucero, Y.;
Luo, Z.; Martyres, A. Development and validation of a microarray for the confirmation and typing of
norovirus RT-PCR products. J. Virol. Methods 2011, 173, 233–250. [CrossRef] [PubMed]
166. Huang, W.; Samanta, M.; Crawford, S.E.; Estes, M.K.; Neill, F.H.; Atmar, R.L.; Palzkill, T. Identification of
human single-chain antibodies with broad reactivity for noroviruses. Protein Eng. Des. Sel. 2014, 27, 339–349.
[CrossRef]
167. de Rougemont, A.; Ruvoen-Clouet, N.; Simon, B.; Estienney, M.; Elie-Caille, C.; Aho, S.; Pothier, P.; Le
Pendu, J.; Boireau, W.; Belliot, G. Qualitative and quantitative analysis of the binding of GII.4 norovirus
variants onto human blood group antigens. J. Virol. 2011, 85, 4057–4070. [CrossRef]
168. Helmerhorst, E.; Chandler, D.J.; Nussio, M.; Mamotte, C.D. Real-time and label-free bio-sensing of molecular
interactions by surface plasmon resonance: A laboratory medicine perspective. Clin. Biochem. Rev. 2012, 33,
161.
169. Ahmed, S.R.; Takemeura, K.; Li, T.-C.; Kitamoto, N.; Tanaka, T.; Suzuki, T.; Park, E.Y. Size-controlled
preparation of peroxidase-like graphene-gold nanoparticle hybrids for the visible detection of norovirus-like
particles. Biosens. Bioelectron. 2017, 87, 558–565. [CrossRef]
170. Han, K.N.; Choi, J.-S.; Kwon, J. Three-dimensional paper-based slip device for one-step point-of-care testing.
Sci. Rep. 2016, 6, 1–7. [CrossRef]
171. Lee, S.; Ahn, S.; Chakkarapani, S.K.; Kang, S.H. Supersensitive Detection of the Norovirus Immunoplasmon
by 3D Total Internal Reflection Scattering Defocus Microscopy with Wavelength-Dependent Transmission
Grating. ACS Sens. 2019, 4, 2515–2523. [CrossRef]
172. Altintas, Z.; Gittens, M.; Pocock, J.; Tothill, I.E. Biosensors for waterborne viruses: Detection and removal.
Biochimie 2015, 115, 144–154. [CrossRef]
173. Caygill, R.L.; Blair, G.E.; Millner, P.A. A review on viral biosensors to detect human pathogens. Anal. Chim.
Acta 2010, 681, 8–15. [CrossRef] [PubMed]
174. Dixon, M.C. Quartz crystal microbalance with dissipation monitoring: Enabling real-time characterization of
biological materials and their interactions. J. Biomol. Tech. JBT 2008, 19, 151. [PubMed]
175. Kuznetsov, Y.G.; McPherson, A. Atomic force microscopy in imaging of viruses and virus-infected cells.
Microbiol. Mol. Biol. Rev. 2011, 75, 268–285. [CrossRef] [PubMed]
176. Bally, M.; Rydell, G.E.; Zahn, R.; Nasir, W.; Eggeling, C.; Breimer, M.E.; Svensson, L.; Hook, F.; Larson, G.
Norovirus GII.4 virus-like particles recognize galactosylceramides in domains of planar supported lipid
bilayers. Angew. Chem. Int. Ed. Engl. 2012, 51, 12020–12024. [CrossRef] [PubMed]
177. Selvaratnam, T. Optimization and characterization of a centrally functionalized quartz crystal microbalance
sensor surface for Norovirus detection. Master’s Thesis, KTH Royal Institute of Technology, Stockholm,
Sweden, 2015.

Foods 2020, 9, 318

36 of 37

178. Neumann, F.; Madaboosi, N.; Hernández-Neuta, I.; Salas, J.; Ahlford, A.; Mecea, V.; Nilsson, M. QCM mass
underestimation in molecular biotechnology: Proximity ligation assay for norovirus detection as a case study.
Sens. Actuators B Chem. 2018, 273, 742–750. [CrossRef]
179. Aybeke, E.N.; Belliot, G.; Lemaire-Ewing, S.; Estienney, M.; Lacroute, Y.; Pothier, P.; Bourillot, E.; Lesniewska, E.
HS-AFM and SERS Analysis of Murine Norovirus Infection: Involvement of the Lipid Rafts. Small 2017, 13,
1600918. [CrossRef]
180. Cuellar, J.; Meinhoevel, F.; Hoehne, M.; Donath, E. Size and mechanical stability of norovirus capsids depend
on pH: A nanoindentation study. J. Gen. Virol. 2010, 91, 2449–2456. [CrossRef]
181. Kostrzynska, M.; Bachand, A. Application of DNA microarray technology for detection, identification, and
characterization of food-borne pathogens. Can. J. Microbiol. 2006, 52, 1–8. [CrossRef]
182. Chou, C.-C.; Lee, T.-T.; Chen, C.-H.; Hsiao, H.-Y.; Lin, Y.-L.; Ho, M.-S.; Yang, P.-C.; Peck, K. Design of
microarray probes for virus identification and detection of emerging viruses at the genus level. BMC
Bioinform. 2006, 7, 232. [CrossRef]
183. Wang, D.; Coscoy, L.; Zylberberg, M.; Avila, P.C.; Boushey, H.A.; Ganem, D.; DeRisi, J.L. Microarray-based
detection and genotyping of viral pathogens. Proc. Natl. Acad. Sci. USA 2002, 99, 15687–15692. [CrossRef]
184. Pagotto, F.; Corneau, N.; Mattison, K.; Bidawid, S. Development of a DNA microarray for the simultaneous
detection and genotyping of noroviruses. J. Food Prot. 2008, 71, 1434–1441. [CrossRef] [PubMed]
185. Acton, Q.A. Norovirus: New Insights for the Healthcare Professional, 2012 ed.; eBooks, USA; ScholarlyEditions,
2012.
186. Yu, C.; Wales, S.Q.; Mammel, M.K.; Hida, K.; Kulka, M. Optimizing a custom tiling microarray for low
input detection and identification of unamplified virus targets. J. Virol. Methods 2016, 234, 54–64. [CrossRef]
[PubMed]
187. Brinkman, N.E.; Fout, G.S. Development and evaluation of a generic tag array to detect and genotype
noroviruses in water. J. Virol. Methods 2009, 156, 8–18. [CrossRef] [PubMed]
188. Quiñones, B.; Lee, B.G.; Martinsky, T.J.; Yambao, J.C.; Haje, P.K.; Schena, M. Sensitive Genotyping of
Foodborne-Associated Human Noroviruses and Hepatitis A Virus Using an Array-Based Platform. Sensors
2017, 17, 2157. [CrossRef]
189. Won, Y.J.; Lee, S.G.; Paik, S.Y.; Lyoo, K.S. Development of an oligonucleotide-based microarray for the
detection of foodborne viruses. J. Consum. Prot. Food Saf. 2019, 14, 287–291. [CrossRef]
190. Gyawali, P.; KC, S.; Beale, D.J.; Hewitt, J. Current and Emerging Technologies for the Detection of Norovirus
from Shellfish. Foods 2019, 8, 187. [CrossRef]
191. Fumian, T.M.; Fioretti, J.M.; Lun, J.H.; dos Santos, I.A.; White, P.A.; Miagostovich, M.P. Detection of norovirus
epidemic genotypes in raw sewage using next generation sequencing. Environ. Int. 2019, 123, 282–291.
[CrossRef]
192. Strubbia, S.; Phan, M.V.; Schaeffer, J.; Koopmans, M.; Cotten, M.; Le Guyader, F.S. Characterization of
Norovirus and Other Human Enteric Viruses in Sewage and Stool Samples Through Next-Generation
Sequencing. Food Environ. Virol. 2019, 11, 400–409. [CrossRef]
193. Imamura, S.; Haruna, M.; Goshima, T.; Kanezashi, H.; Okada, T.; Akimoto, K. Application of next-generation
sequencing to investigation of norovirus diversity in shellfish collected from two coastal sites in Japan from
2013 to 2014. Jpn. J. Vet. Res. 2016, 64, 113–122.
194. Trauger, S.A.; Junker, T.; Siuzdak, G. Investigating viral proteins and intact viruses with mass spectrometry.
In Modern Mass Spectrometry; Schalley, C.A., Ed.; Springer: Berlin/Heidelberg, Germany, 2003; pp. 265–282.
195. Colquhoun, D.R.; Schwab, K.J.; Cole, R.N.; Halden, R.U. Detection of norovirus capsid protein in authentic
standards and in stool extracts by matrix-assisted laser desorption ionization and nanospray mass
spectrometry. Appl. Environ. Microbiol. 2006, 72, 2749–2755. [CrossRef]
196. Hellberg, R.S.; Li, F.; Sampath, R.; Yasuda, I.J.; Carolan, H.E.; Wolfe, J.M.; Brown, M.K.; Alexander, R.C.;
Williams-Hill, D.M.; Martin, W.B. Rapid detection and differentiation of human noroviruses using RT-PCR
coupled to electrospray ionization mass spectrometry. Food Microbiol. 2014, 44, 71–80. [CrossRef] [PubMed]

Foods 2020, 9, 318

37 of 37

197. Goodridge, L.; Goodridge, C.; Wu, J.; Griffiths, M.; Pawliszyn, J. Isoelectric point determination of norovirus
virus-like particles by capillary isoelectric focusing with whole column imaging detection. Anal. Chem. 2004,
76, 48–52. [CrossRef] [PubMed]
198. Moore, M.D.; Mertens, B.S.; Jaykus, L.-A. Alternative In Vitro Methods for the Determination of Viral Capsid
Structural Integrity. J. Vis. Exp. 2017, 129, e56444. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

